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Preface

Food is a topic that has become central to practically all aspects of modern life. Its centrality
raises questions as to what constitutes a healthy diet, how is food produced, and what kind of
food production is best for the environment. Will there be sufficient food in response to rising
world population? Are there segments of the U.S. population that are food insecure? Are food
animals raised humanely? Who is involved in food production? Are workers treated fairly and do
they earn a decent living? Today, chefs are celebrities and our society increasingly outsources
food preparation and service. Food studies has become a part of diverse academic curricula from
the sciences to the humanities and has produced an expanding literature about the food system
and its relationship to modern life. Health professionals and the public have come to realize that
food is not merely a source of nourishment, but also reflects individual values and culture.
This increased interest in food follows a time of intense change in how food is produced,
who produces, and where is it produced. Over the past century, the United States has gone from
an overwhelmingly agrarian nation to a highly industrialized, urban nation where only a small
portion of the population is involved in the actual production of food. The U.S. food system
provides a remarkably varied food supply to the U.S. consumer at lower cost than nearly
anywhere else in the world. Many are concerned, however, that the cost of food in the
marketplace may not reflect its true cost. Some of the costs of food production and distribution
are not reflected in the marketplace price of food but are “externalized,” borne by other aspects
of the health, environmental, and social domains of our society.
Agriculture now represents a bioeconomy that produces food, but also raw material for a
variety of non-food industrial purposes, including biofuels that power our vehicles. Food
production, a core of this bioeconomy competes with other society demands for raw materials.
Food components enter a supply chain that transports, manufactures, distributes and markets
food to consumers through a wide a variety of outlets. The interconnectivity of the components
of the bioeconomy means that policies meant to affect one aspect of the system may affect other
components in a manner often not anticipated. A committee was appointed by the Food and
Nutrition Board of the Institute of Medicine (IOM) in collaboration with the Board on
Agriculture and Natural Resources of the National Research Council (NRC) to develop an
analytical framework to assess the health, environmental, social, and economic aspects of the
U.S. food system to take into account the complexity of the system. The committee recognizes
that the U.S. food system is embedded in a global system that is broadly interconnected but the
report concentrates on the U.S. component.
In carrying out this task the committee needed to define and characterize the current U.S.
food system and to consider its evolution over time. The committee drew on the potential effects
of the current system on health, the environment and the social and economic domain that are
described and documented in current published literature. The chapters that describe the effects
provide insights into how aspects of the food system influence modern life in ways not always
PREPUBLICATION COPY: UNCORRECTED PROOFS
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appreciated or accounted for. In producing this report, the committee has considered both
positive and negative effects of the food system, without making overall value judgments about
any particular aspect. The report is not intended as a critique of the U.S. food system but instead
recognizes the numerous trade-offs embedded in current agricultural and food system practices.
This report considers these trade-offs in examples that illustrate the interconnections between the
food system, health, environment, and quality of life and demonstrate the analytical challenges of
assessing new policies or practices.
During the committee’s deliberations, it became apparent that the food system is highly
complex, with many drivers and actors. This realization led the committee to determine that
analytical methods aimed at understanding complex systems are most appropriate for
understanding configurations of the food system and the policies that affect it. The committee
views the analytical framework as generic, one that can be used to investigate many different
questions about the food system using a wide variety of methodologies, but requires that any
analysis consider the implications of the health, environmental, social, and economic aspects of
the question. The report identifies situations in the food system where such analyses are
essential, as their effects go beyond a particular policy or recommendation aimed at improving
one area.
The committee hopes that the analytical framework outlined in this report will be broadly
used by researchers and policy makers considering or evaluating alternative policies or potential
configurations that project changes in the U.S. food system. The full use of the framework across
all domains may require development of new methodologies or models that can deal with the full
scope of the system. In the committees view, such analyses can help assure that the U.S. food
system supports the health and the quality of life of our citizens, and the sustainability of the
environment.
The committee responsible for the report is unusually varied in expertise, with members
chosen for their experience in agriculture, public health, nutrition, food safety, sociology,
economics, complex systems, and the food industry. The chapters are authored jointly by
committee members who contributed their expertise to appropriate areas, subject to review and
comment from the entire committee. Committee members volunteered countless hours to the
research, deliberations, and preparation of the report. Many other individuals contributed
significant time and effort to address the subject matter of the report during an open committee
session and through presentations at a workshop. We are grateful for their efforts.
The committee is especially thankful to the IOM and the NRC staff team for their continued
support, particularly to the Study Director Maria Oria and Peggy Tsai Yih who ably shepherded
the preparation of this very complex report, Alice Vorosmarti who was invaluable for her
information gathering and drawing skills, and Allison Berger for her administrative support. The
committee also benefitted from overall guidance of Robin Schoen, Director of the Board on
Agriculture and Natural Resources and from Ann Yaktine, Director of the Food and Nutrition
Board.
I am personally impressed and grateful for the dedication and hard work of the committee
members and staff in support of this project.
Malden C. Nesheim, Chair
Committee on a Framework for Assessing the Health, Environmental, and
Social and Effects of the Food System
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Summary
S
y

The nation’s
n
foo
od system historically
h
has
h seen rem
markable suuccess in prooviding the U.S.
populatio
on with a varried, relativeely inexpenssive, and widdely availablle supply of food. It has done
so through a supply
y chain of producers, processors, and distribbutors that pprovides foood to
consumers (see Figure S-1). The
T food sy
ystem also rrepresents oone of the most signifficant
componeents of the U.S.
U economy
y.

FIGURE S-1 Concep
ptual model of
o a food supp
ply chain. El ements or actors in this suupply chain iin one
untry) also haave interactions (e.g., interrnational tradee) with actorss in other areaas.
area (e.g.,, region or cou

U food system has extensive
e
co
onnections too the global food systeem and exerrcises
The U.S.
importan
nt influencess in the glo
obal commu
unity. It is also embeddded within a diverse, everchanging
g, and broadeer economic, biophysicaal, and socioppolitical conntext (see Figgure S-2).
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A FRAMEWO
ORK FOR ASSSESSING TH
HE FOOD SYSSTEM

FIGURE S-2 Links between the food supply chain and thhe larger biopphysical and social/instituutional
context.

A my
yriad of acto
ors with div
verse goals that are inteerested in sppecific aspects of improoving
health, prrotecting thee environmen
nt, or increaasing producttivity make decisions thhat shape thee food
system every day. Those decisio
ons, howeveer, may havee unexpectedd consequennces beyond their
original intent
i
both in
i the United States and
d abroad. Thhe results off those decissions may im
mpact
the envirronment (e.g
g., effects on
n biodiversitty, water, sooil, air, and cclimate), huuman health (e.g.,
direct efffects on diett-related chrronic diseasee risk, and iindirect effeects associatted with soill, air,
and wateer pollution), and society
y (e.g., effeccts on food accessibilityy and afforddability, landd use,
employm
ment, labor co
onditions, an
nd local econ
nomies).
Mostt studies to date that ad
ddress chang
ges within tthe food sysstem have taken a relattively
narrow approach
a
with
w
limited consideratiion of the system’s ccomplexity. However, such
approach
hes can often
n miss imporrtant intercon
nnections annd may not ccapture the ffull set of im
mpacts
flowing from
f
any parrticular chan
nge in the foo
od system.
In co
onsidering an
ny changes, decision maakers need thhe right toolls for analyzzing intendedd and
unintended effects, understanding how to weigh thosse potential effects, annd being abble to
recognizee the need for
mendations to increase the consum
f trade-offfs.1 For exam
mple, recomm
mption
of fruitss and vegeetables to promote
p
healthier dietss raise queestions about the poteential
consequeences of ex
xpanding theeir supply, such as inccreased irriggation waterr or farm llabor.
Deciding
g among varrious optionss can be chaallenging beecause there could be a large numbber of
1

Situation that involves losing
l
one quality or aspect of
o something inn return for gaiining another qquality or aspecct.
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trade-offs that are difficult to compare. However, any solutions will need to integrate a
multifaceted approach for measuring and weighing various consequences.
The committee proposes an analytical framework as a tool for decision makers, researchers,
and other stakeholders to examine the possible impacts of interventions and evaluate the
collective health, environmental, social, and economic outcomes of specific changes in the food
system. The framework provides a conceptual and empirical structure consisting of four
principles and six steps, as described later. This framework will be useful for; (1) identifying and
potentially preventing unintended effects of an intervention; (2) promoting transparency among
stakeholders about decisions; (3) improving communication and providing a better understanding
of values and perspectives among scientists, policy makers, and other stakeholders; and (4)
decreasing the likelihood of misinterpretation of results from any particular analysis.
The intent of the framework is to provide guidance when conducting evaluations within food
and agriculture. The committee recognizes that, as with any tool, analysis using the framework
would simply be one input into any decision-making processes. Many other factors come into
consideration (e.g. judgments) that are beyond the scope of this report.
THE TASK
The Institute of Medicine and the National Research Council convened an expert committee
to develop an analytical framework relevant for the food system (see Statement of Task in Box
S-1). The ultimate aim of the study is to; (1) facilitate an understanding of the environmental,
health, social, and economic effects associated with all components of the food system and how
these effects are linked; (2) encourage the development of improved data collection systems and
methodologies to identify and measure these effects; and (3) inform decision making in food and
agricultural practices and policies in ways that minimize unintended health, environmental,
social, and economic consequences.
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BOX S-1
Statement of Task
The expert committee will develop a framework for assessing the health, environmental,
and social effects (positive and negative) associated with the ways in which food is grown,
processed, distributed, marketed, retailed, and consumed within the U.S. food system. In
developing the framework, the committee will undertake the following activities:
1.

Examine available methods, methodologies, and data that are needed to
undertake comparisons and measure effects. Examples of such needs that the
committee will examine are:
• Defining comparable characteristics of different configurations of elements
within the food system.
• Mapping the pathways through which different configurations of elements of
the food system create or contribute to health, environmental, and social
effects.
• Determining the contribution of those configurations to effects relative to those
from other influences.
• Characterizing the scale of effects (e.g., individual, national).
• Quantifying the magnitude and direction of effects.
• Monetizing effects, when appropriate.
• Addressing uncertainty, complexity, and variability in conducting comparisons
and measuring effects.
2.
Describe several examples of different configurations of elements within the food
system and describe how the framework will be applied, step by step, to compare
them. Examples should be drawn from different parts of the food system
(production, harvest, processing, distribution, marketing, retailing, and
consumption). The emphasis will be on those effects that are generally not
recognized (i.e., they may not be fully incorporated into the price of food). Different
configurations for the committee to consider might include: regionally based food
systems and a global food system; free-range production of poultry and caged
housing practices; and reduced retail presence of processed food and current
availability of processed food.
3.
In constructing examples, describe the strengths and weaknesses of the
framework in different contextual situations and suggest how and when
adjustments to the framework may lead to more accurate comparisons. The goal of
the examples is to illustrate the potential use of the framework to analyze a variety
of questions and compare, measure, and, in some cases, monetize the effects of
different scenarios on public health, the environment, and society. The focus of
these exercises should be in explaining the elements of the framework, not in
attempting the analyses.
4.
The committee will also identify information needs and gaps in methods and
methodologies that, if filled, could provide greater certainty in the attribution and
quantification of effects related to food system configurations and improve the
predictive value of the framework for evaluating how changes in and across the
food system might affect health, the environment, and society.
5. The committee will also identify information needs and gaps in methods and
methodologies that, if filled, could provide greater certainty in the attribution and
quantification of effects related to food system configurations and improve the predictive
value of the framework for evaluating how changes in and across the food system might
affect health, the environment, and society.
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Approach of the Committee
In order to provide some context, this report describes the U.S. food system and provides a
brief history of how the current system evolved and the system can be viewed as a complex,
adaptive system. The report describes the most salient effects of the food system in the health,
environmental, and social and economic domains. Understanding the relationships among
components of the food system and their effects on health, the environment, and society are
essential prerequisites for attempting any evaluation of costs and benefits of the health,
environmental, social, and economic effects of the food system.
The committee has written its report from a U.S. perspective while recognizing the global
nature of the food system and its effects. The committee focused primarily on the domestic
effects due to time, expertise, and page limit constraints. Consequently, discussions in this report
preclude U.S. food-related interactions and consequences with the rest of the world, yet the
committee’s proposed framework is still valid for examining those global interactions and
effects.
Six examples were selected to illustrate how the framework might be used when comparing
current versus alternative configurations within the food system. By applying the framework to
these six examples, it revealed how features of the food system are intricately tied to one another.
The committee did not take it one step further with these examples in conducting assessments
which would be outside the scope of the statement of task.
THE FOOD SYSTEM: A COMPLEX, ADAPTIVE SYSTEM
The food system is woven together as a supply chain that operates within broader economic,
biophysical, and sociopolitical contexts. Health, environmental, social, and economic effects are
associated with the U.S. food system, often with both beneficial and detrimental aspects. For
instance, in the area of health, the U.S. food system supplies a wide variety of foods in sufficient
quantity and at low cost for most, but not all, of the population. However, unhealthy dietary
patterns are identified as a risk factor in the etiology of several leading causes of mortality and
morbidity. Other effects of the food system involve climate, land, and water resources. Depletion
of resources (e.g., water) and flow of outputs (e.g., nitrogen from fertilization, pesticides, and
greenhouse gases) to the environment as a result of food system activities can be significant and
disturb the ecosystem dynamic. The U.S. food system also carries social and economic effects
that are mediated by policy contexts and responses. Notable effects are described and categorized
in the report under levels of income, wealth, and distributional equity; quality of life; and worker
health and well-being.
The committee identified both direct and indirect consequences, and found interactions
across the various health, environmental, social, and economic domains (e.g., health effects that
are due to environmental exposures; interdependency between socioeconomic status and health
outcomes). The committee also found heterogeneity in the distribution of effects (e.g., obesity
rates and food security that differ based on population characteristics). As a result of its structure
(see Figures S-1 and S-2) and characteristics (see Box S-2), the committee concluded that the
food system can be conceptualized as a complex, adaptive system.2 As a result, study of the food
2

A complex, adaptive system is a system composed of many heterogeneous pieces, whose interactions drive system
behavior in ways that cannot easily be understood from considering the components separately.
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system requires an analytical framework and appropriate methodologies that can capture key
interactions and features.
BOX S-2
Characteristics of the Food System as a Complex, Adaptive System
The following are characteristics of the food system that makes it a complex, adaptive
system:
Individual adaptive actors. The food system is composed of a variety of actors, including human
actors (e.g., farmers, workers, researchers, consumers), institutions (e.g., governments,
corporations, universities, organizations), and organisms (e.g., microorganisms or insects). The
decentralized behavior and interaction of these actors shapes and modifies the food system; at
the same time, actors respond and adapt to changes in the system around them. For example,
consumer behavior shapes market demand, but may change in response to new products,
information, or social forces. Consideration of adaptive responses (by multiple types of actors)
can be important in a sufficient understanding of likely effects over time that result from any
change to the food system.
Feedback and interdependence. Many mechanisms at work within the food system cross
multiple levels (e.g., the biological level, physical food environment, and social or market context
are all involved in food preferences and eating behavior). Multiple interacting mechanisms
across levels of scale can lead to interdependence among actors, sectors, or factors. Feedback
loops can also arise, through which initial changes to one component of the food system that
affect a second component may “feed back” to further alter the first component after a time lag.
For example, limited pesticide introduction may initially control pests, but over time resistance
may arise, leading to increasing pesticide usage to maintain control.
Heterogeneity. Actors and processes in the food system differ from each other in important
ways that can shape local dynamics and lead to divergent adaptive responses to changes in the
system. For example, corporations will likely have constraints, goals, and information that differs
from those of individual consumers. An intervention designed to increase intake of fruits and
vegetables will affect farmers, workers, manufacturers, consumers, and retailers in different
ways, and each type of actor may respond differently to any change.
Spatial complexity. Spatial organization shapes many dynamics within the food system, both
directly affecting the local context experienced by actors and governing impacts across time and
space. In agriculture production, a key factor determining the impacts of agricultural production
systems on water, wildlife, and other natural resources is the spatial organization of the
components. For example, the concentration of agricultural production can magnify
environmental effects in a particular location if not managed appropriately.
Dynamic complexity. The presence of feedback, interdependence, and adaptation can produce
dynamics in the food system with characteristics such as non-linearity (a small change yielding
a large effect), path dependence (dynamics strongly shaped by early events), and resilience
(the ability to bounce back after a shock to the system). The reduction of soil sediment
redistribution as a result of prairie reconstruction is an example of non-linearity. A clear case of
path dependence is the strong association between early life nutrition and diseases later in life.
Resilience can be the result of farmers’ behaviors to minimize their risks, such as providing
irrigation systems to prepare for precipitation deficits.
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of relevant literature. The problem statement should guide the direction of the assessment,
including its goals, objectives, and research questions and all future assessment decisions.
Step 2: Define the Scope of the Problem
This step defines the boundaries and level of detail of the assessment. To analyze all effects
on the entire food system across all possible dimensions may be intractable. Defining the
relevant scope for analysis entails using the framework to identify meaningful changes along the
food supply chain, in various effect domains and dimensions, in the time horizon, in interacting
processes, and in system feedbacks. The scope defines the elements of the food system to be
analyzed. The boundaries may enclose a subset of the larger food system (e.g., a particular food
commodity, time, or geographic area). Boundaries for the system under analysis can be shaped
by the nature of the problem and often depend on input from stakeholders and on budget
limitations. Outside the boundaries, the assessment may assume constant conditions, even though
potential far-reaching effects are possible beyond the boundaries. Within the defined boundaries,
the assessment seeks to describe interactions and relationships among key actors along the
relevant parts of the food supply chain; the impact of changes on a range of health, environment,
and social, and economic effects; and the processes and pathways that produce the outcomes of
interest.
Step 3: Identify the Scenarios
This step identifies the food system scenarios (or configuration[s]3) being analyzed. Most
assessments compare system performance to one or more baseline scenarios. Alternative
scenarios typically specify potential changes or interventions, such as a new policy or a new
technology. Assessments should be explicit about each intervention being considered, including
when, where, and how the intervention occurs.
Step 4: Conduct the Analysis
In this step, appropriate data and methods of analysis are selected. Multiple datasets, metrics,
or analytical tools, including qualitative analysis, may be used to assess the range of scenarios
and questions. Given the intended scope of a particular assessment, an analysis should draw on
suitable methodologies to interpret measurements and build relevant models to assess the likely
health, environmental, social, and economic effects associated with food system scenarios. The
goal is to provide a scientifically valid basis for public and private decision making (see
Appendix B).
Step 5: Synthesize the Results
In this step, synthesis and interpretation of findings and evidence is undertaken. Analyses of
the complex food system are unlikely to offer simple answers, but rather may aim to provide
insight into the range of outcomes resulting from any action, both beneficial and harmful, and

3

Elements within the food system, such as policy interventions, technologies, market conditions, or organizational
structure of different segments of the food system, that can be modified to achieve a particular goal or to explore
how potential drivers (e.g., growth in demand for foods with particular traits) might impact the distribution of health,
environmental, social, and economic effects.
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their potential magnitude. Ultimately, value judgments of stakeholders and decision makers are
often required to determine how to weight the various outcomes.
Step 6: Report the Findings
The goal of this step is to communicate findings to key stakeholders. Reporting involves
sharing the assessment and recommendations with key stakeholders, broadly defined as the enduser of the assessment, members of affected communities, and the general public. The reporting
step typically involves creating a report that clearly documents how the assessment was
conducted; data sources and analytical tools, including the assumptions; interaction with
stakeholders; findings; and recommendations.
Principles of the Framework
The framework consists of the following principles that would guide a team of assessors
throughout an analysis (see Figure S-3): Consider effects across the full food system; address all
domains and dimensions of effects; account for system dynamics and complexities; and choose
appropriate methods.
Principle 1: Consider Effects Across the Full Food System
Positive and negative health, environmental, social, and economic effects occur all along the
food supply chain illustrated in Figure S-1 and also within the economic, biophysical, and
social/political context. Both the food supply chain and its surrounding biophysical and
institutional context should be recognized in any assessment.
Principle 2: Address All Domains and Dimensions of Effects
Any single assessment should consider all four important domains of food system effects
(health, environmental, social, and economic) and recognize that trade-offs among the different
effects both within each domain and across them will often be necessary. Within each domain,
four dimensions of effects4—quantity, quality, distribution, and resilience—measure how much
of what the food system provides, where and to whom it goes, and how sustainably it can do so.
Judgments about the relative importance of these dimensions for any particular assessment may
be normative as well as empirical, and different assessors of the food system may disagree about
their relative importance.
Principle 3: Account for System Dynamics and Complexities
An assessment should account for the characteristics of the food system as a complex,
adaptive system, as explained in Box S-2. For example, the food system is heterogeneous in
terms of the variety of the actors and processes at each step of the food chain. Heterogeneity
4

Quantity, quality, distribution, and resilience measure how much the food system provides, where and to whom the
production goes, and how sustainably it can produce. Quantity in the food system often matters relative to a
benchmark because too little or too much can be problematic. Quality characterizes an outcome, such as the
nutrition, taste, or safety of a food. Distribution measures where an outcome goes, such as the incidence of obesity
across different consumer populations. Resilience measures the food system’s ability to bounce back from sudden
shocks and long-term pressures. For example, in response to honeybees dying of disease, resilience measures the
food system’s ability to continue to supply crops that rely on bee pollination.
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applies to the range of actors involved; to difference within a type of actors in resources,
relationships, and knowledge; and to biophysical settings, including terrain, climate, and other
natural resources. These heterogeneous actors interact within the system, and may adapt their
behavior as system changes take place. Given the tendency of complex interactions to trigger
dynamic repercussions, assessments should, to the extent feasible, account for effects across
time, space, and heterogeneous populations. They should also acknowledge the potential role of
underlying drivers and interacting pathways. The committee recognizes that any research or
assessment team may be limited in terms of human and economic resources. Therefore, many
assessments will be simplified (e.g., will only explore a specific question or effect). While scope
limitations may preclude a specific study from careful consideration of all effects and drivers, it
is important for any study to define the boundaries (i.e., what is the scope of the study) and
assumptions (i.e., the potential role of relevant aspects not included). Also important is that the
team of assessors has expertise in various disciplines related to the questions to be answered and
that they have a plan for consulting with relevant stakeholders.
Principle 4: Choose Appropriate Methods
Careful choice of metrics and methods is fundamental to conducting a meaningful
assessment. Prevailing standards of evidence govern the choice of metrics and methods. They
vary across health, environmental, social, and economic effects because of measurement
challenges specific to each domain. The assumptions, limitations, accuracy, sensitivity, and other
relevant factors for methods used should be clearly stated in the assessment. The committee has
identified selected metrics, data sources, analytical techniques, and simulation models that might
be used in an assessment of a policy or action affecting the food system (see Appendix B). As
mentioned above, regardless of the method used, clearly framing the scope of the assessment and
assumptions are important steps, given the complexity of the food system. In such cases, the
committee recommends that any assessment at least acknowledge the existence of some
potentially important effects or drivers that are outside the scope of the specific assessment.
LESSONS LEARNED
The committee was charged with providing examples from various parts of the food system
to demonstrate how the framework could be applied for evaluating the effects of an alternative
configuration (see Box S-3). The committee followed the first three steps as prescribed by the
framework to illustrate how it could identify and define the problems in these examples. The last
three steps (analysis, synthesis, and reporting) were excluded from those examples because
conducting the assessment would have been beyond the committee’s task. Therefore, readers
should not take any of the specific analysis or configurations as recommendations, but rather as
examples for future consideration.
Within these examples, there were several instances in which a proposed change (in
recommended policy or practice to achieve a specific objective) within the food system could
lead to unintended and unexpected consequences in multiple domains. These examples
demonstrate the complexity of issues and confirm the need for the committee’s analytical
framework, which considers health, environmental, social, and economic domains.
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BOX S-3
Examples of Food System Configurations Selected to Illustrate the Application of the
Framework
The use of antibiotics in agriculture. The wide use of antibiotics in agriculture may contribute to
the development of antibiotic-resistant organisms with implications for human and animal health.
Analysis of historical and/or current configurations of the system may yield insights about the
relative contributions of the food system and of human medicine to current growth in antibiotic
resistance.
Recommendations for fish consumption and health. Consumption guidelines for fish have not
considered the availability of sufficient fish to meet them and the potential environmental
impacts. Several alternative scenarios could entail a change in dietary recommendations or the
application of new technologies (e.g., sustainable farming production methods).
Policies mandating biofuel blending in gasoline supplies. Biofuel policies intended to increase
the country's energy independence and decrease greenhouse gas emissions compared to fossil
fuel were implemented without consideration of wider environmental effects and effects on
domestic and global food prices.
Recommendations to increase fruit and vegetable consumption. The purpose of this
assessment could be to understand the barriers and inducements to fruit and vegetable
consumption so that better interventions to increase consumption can be implemented
Nitrogen dynamics and management in agroecosystems. The use of high levels of nitrogen
fertilizer to increase crop yields has environmental, health, and economic consequences that go
beyond immediate concerns with crop yields. A baseline scenario could be one that is mostly
reliant on mineral fertilizers without the use of methods to increase nitrogen uptake and
retention. For comparison, an alternative cropping system could be less reliant on mineral
nitrogen fertilizer and emphasize biological nitrogen fixation, manure and organic matter,
amendments, cover crops, and perennial crops.
Policies on hen housing practices. This case study presents an assessment that is currently
being conducted to analyze the implications of changing egg production practices on
productivity, food safety, and workers’ health. Data for the assessment are currently being
collected on three different types of hen management systems.

CONCLUSIONS
Although no assessment was conducted, the examples and a literature review on effects of
the food system did provide the committee with some insights. The committee provides the
following conclusions:
1. Comprehensive studies of food system configurations that use all principles of the
committee’s framework are rare in published literature. For example, the committee
could not find a single example where all four domains (health, environment, social,
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and economic effects) and the four key dimensions (quality, quantity, distribution,
and resilience) were considered. More importantly, most studies lack clear statements
of boundaries and assumptions about the affected domains, their interactions, or
dynamic feedbacks.
2. Studies that consider the entire food supply chain and address multiple domains (and
dimensions) of effects of an intervention and its drivers can identify outcomes and
trade-offs that are not visible in more narrowly focused assessments.
3. Policies or actions that aim for an outcome in one domain of the food system (e.g.,
health) can have consequences, not only in the same domain, but also in others (e.g.,
environmental, social, and economic domains). These consequences may be positive
or negative, intended or unintended. They can be substantial and are often not
proportional to the change incurred. That is, what might appear as a small
intervention may have disproportionately large consequences in various domains
across time and space.
4. The data and methodologies used to study the food system have been collected and
developed both by public and private initiatives, depending on the questions they help
to address (e.g., public health or climate change questions vs. questions related to the
environmental effects of a specific company). Methodologies include not only those to
describe and assess the effects of the system, but also those that serve to synthesize
and interpret the results. Publicly collected data and publicly supported models have
been and continue to be critically important in assessing and comparing the effects of
the food system in various domains and dimensions. The lack of access to data
collected by industry can be a major challenge for public research aimed at
understanding the drivers and effects of the food system.
5. Stakeholders are important audiences of any assessment exercise, but they also can
play an important role throughout the process by contributing to, identifying, or
scoping the problem or potential effects that may not have been apparent to the
researchers. They can also be important sources of data when public sources are not
readily available. Effectively engaging stakeholders has challenges, such as avoiding
conflicts of interest, ensuring equitable engagement, and addressing potential lack of
trust by the public. Therefore, this type of participatory process requires careful
planning about whom to involve, when to involve them, and how much involvement
is appropriate.
6. Even though major improvements in the U.S. food system have resulted in the past
from the introduction of new technologies, needed future improvements may not be
reachable only through technological innovation. Reaching them may require more
comprehensive approaches that incorporate non-technological factors to reach longterm solutions. Systemic approaches that take full account of social, economic,
ecological, and evolutionary factors and processes will be required to meet challenges
to the U.S. food system in the 21st century. Such challenges include antibiotic and
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pesticide resistance; chemical contamination of air and water; soil erosion and
degradation; water deficits; diet-related chronic disease, obesity, domestic and global
hunger and malnutrition; and food safety.
7. To discover the best solutions to these problems, it is important not only to identify
the effects of the current system, but also to understand the drivers (e.g., human
behavior, markets, policy) and how they interact with each other and with the
observable system effects. Such understanding can help decision makers to identify
the best opportunities to intervene, and to anticipate the potential consequences of any
intervention.
A CALL TO ACTION
Use of the Framework
The committee provides an analytical framework that should be used to examine policies or
proposed changes in the food system that may have wide implications. The committee intends
for the report to stimulate broad thinking among policy makers, researchers, and other
stakeholders about the consequences of food system policies and actions beyond a single
dimension. The proposed framework is relevant for researchers who are interested in examining
the environmental, health, social, and economic effects of aspects of food production,
processing, distribution, and marketing. Applying the framework also will help to identify
uncertainties and identify and prioritize research needs. Other stakeholders can use the
framework to develop evidence that will be helpful in understanding the costs and benefits of
alternative configurations within a food system. Moreover, the framework provides a tool for all
interested stakeholders to deliberate about challenging issues in a transparent manner by
considering multiple sources of data and information. Given that other factors, such as value
judgments, underlie many choices for interventions, the committee strongly urges decision
makers to use this framework to analyze the best available information about system-wide
effects, trade-offs, and dynamics and to guide their selection of interventions.
This framework is sufficiently general and flexible for analyzing various configurations of
the current and future food system. The committee recognizes that in some cases, limited
resources might preclude a comprehensive analysis of the food system. Also, discrete questions
may not require a full systemic analysis. In such instances, not all steps of the framework or
methods will apply equally, depending on the scope and topic chosen by a researcher. Regardless
of the scope of the analysis, assessors still need to recognize boundaries and implications and to
take into account the various interrelationships of the food system.
The description of the food system and its effects has intentionally been presented from a
U.S. perspective, and it omits important interactions and effects for the rest of the world.
However, its application is aimed not only at those attempting to understand the U.S. food
system and its consequences, but also at others outside the United States who are conducting
similar research and making similar decisions about their food systems.
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Critical Needs for Using the Framework
The committee identified two general areas that need urgent attention to make the best use of
the framework: the need for data collection (as well as development of validated metrics and
methodologies), and the need for increased human capacity. The committee did not specify areas
of research that should be prioritized, as one expected outcome of applying the framework would
be identification of the most important research needs for a particular area.
Organized and systematic collection of data on local, state, regional, national, and
international bases is vital to improving the ability to answer critical questions on U.S. food
system impacts. The U.S. government maintains major datasets that are useful for assessing the
health, environmental, social, and economic effects of the food system. These include the U.S.
Department of Agriculture’s (USDA’s) Food Availability Data System and Loss-Adjusted Food
Availability; the Centers for Disease and Control Prevention’s National Health and Nutrition
Examination Survey; the National Agricultural Statistics Service’s Agricultural Chemical Use
Program; the U.S. Department of Labor’s National Agricultural Worker Survey; and USDA’s
National Agriculture Statistics Service data series (e.g., the Farm Labor Survey; the Census of
Agriculture; and the Agricultural Resource Management Survey). Many other databases are also
crucial for conducting assessments (see Appendix B).
The design, collection, and analysis of data should be reviewed periodically so that it
matches the needs of researchers and decision makers as new questions arise. Specific needs for
data collection could be identified in all domains, but some general areas of concern are the
overall lack of segregated datasets (e.g., data by sociodemographic factors at regional or local
levels) and, for some variables, the lack of validated metrics, such as the well-being of
individuals or groups.
The committee recommends that Congress and federal agencies continue funding and
supporting the collection (and improvement) of datasets that can be used for food system
assessment studies along with consideration to creating new data collection programs as
priorities arise. Likewise, continued support to develop and advance validated methods and
models is necessary for a comprehensive understanding of the U.S. food system effects across all
domains.
Government, academic, and private sectors have recognized the need to share data. The
committee supports federal government efforts to share data and recommends further
development of improved methods for more efficiently sharing data and models across
disciplines and agencies and with the private sector. The committee recommends that
government–industry collaboration mechanisms be developed to make industry-collected
information more readily available for use in research and policy analysis.
Efforts to build human capacity are needed for the recommended framework to be used
appropriately. As this report has pointed out, a fuller understanding of the implications of
changes to the food system could be gained by integrated analyses, yet much research in these
domains remains narrowly focused and linear in its design. Scientists in academia, the private
sector, and government agencies need to be trained in all aspects of complex systems
approaches—including systems research design, data collection, and analytical methodologies—
and the use of models would remove some barriers impeding progress. Continued support for
research on and demonstration of systems analysis methodologies will be important to ensure
that innovation in this field continues. It is particularly important that federal agencies such as
USDA, the Food and Drug Administration, the Environmental Protection Agency, the U.S.
Department of Labor, and other relevant federal agencies have the human and analytical capacity
PREPUBLICATION COPY: UNCORRECTED PROOFS

Copyright © National Academy of Sciences. All rights reserved.

A Framework for Assessing Effects of the Food System

SUMMARY

S-15

to undertake assessments using the principles of the framework as they consider policies with
domestic and global consequences.
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1
Introduction

From the earliest developments of agriculture, a major goal has been to attain sufficient foods
to provide the energy and nutrients needed for a healthy, active life. Food production has adapted
to changing demographics; consumer preferences; ideas about health, social, and economic
conditions; environmental concerns; and advances in science and technology. As a result, the
U.S. food system today has many actors and processes, affecting numerous areas of our lives that
go beyond providing nutritious foods. Over time, food production has evolved and become
highly complex. This complexity takes many forms, such as; (1) interconnected markets that
function at global, regional, national, and local levels; (2) the diversity of public interventions in
those markets, from information and research through subsidies, regulations, and standards to
taxes, mandates, quotas, and requirements; (3) the varying needs, perceptions, and values among
all actors. The result is a multilayered, dynamic, multipurposed food system. The behavior of
actors can lead to unforeseen, unintended, or unwanted results, even with the best analytical
techniques. Other characteristics of the system—its permeable borders that connect it both to a
global food system and to a diverse, changing broader economy and society and the different
tolerances for risk and values as well as changing individual and societal priorities—add further
dynamism to the food system and uncertainty to its analysis.
Due to limited time and resources, the committee made the following simplifying decisions
that should be borne in mind by those using the framework:
• The extensive connections of the U.S. food system to the global food system, and the
effects of changes in the U.S. system on other countries, are not included in the
committee’s review of effects of the food system; and
• The extensive connections to labor markets and social structures that have significant
behavioral (e.g., habits and lifestyle choices) and socioeconomic (e.g., working
conditions) effects and are important to consider in assessing causality between the food
system and its effects are not explored in detail.
Policy or business interventions involving a segment of the food system often have
consequences beyond the original issue the intervention was meant to address. Because of these
consequences, when considering actions affecting a segment of the food system, decision makers
must think broadly about potential intervention options and effects. They will also need to make
trade-offs, that is, situations that involve losing one quality or aspect of something in return for
gaining another quality or aspect.
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Making decisions is typically challenging as the number of trade-offs among potential
options is large, comparisons among trade-offs are not always clear, and measuring the effects
resulting from decisions is complicated. To add to the challenge, individuals differ in their values
and in how they weigh trade-offs. This study examined the U.S. food system from the
perspective of its domestic health, environmental, social, and economic effects. Its aim is to
develop an analytical framework that will enable decision makers, researchers, and others to
examine the possible effects of alternative policies on agricultural or food practices.
This introductory chapter discusses the origins and justification of the study, describes the
charge and formation of the committee, and outlines the general approach to accomplishing the
task. The chapter also describes the organization of the report.
ORIGINS AND NEED FOR THE STUDY
The U.S. food system is a dynamic, fast-changing, multidimensional enterprise. Through
many technological advances, policies, market forces, and other drivers, it has managed to
provide abundant food at relatively low cost in the midst of a growing world population. Yet, it
also affects the environment (e.g., biodiversity, water, soil, air, and climate, both domestically
and globally), human health (e.g., direct health effects, such as nutrition and hunger, foodborne
illnesses or diet-related chronic disease risk, and indirect health effects, such as those associated
with hunger and stunted development or soil, air, and water pollution), and society (e.g., effects
on food accessibility and affordability, land use, labor, and local economies). Some of these
consequences are not captured in the price of food, but rather, are incurred by society at large in
the form of health care costs, environmental remediation, and other “hidden” costs. Other
consequences are intensified by changes in food price levels or price volatility. If ignored, these
costs will continue to compromise health and food security, the environment, and the resilience
of the food system. Finding the best solutions that minimize costs to society can only be
achieved when the options are well considered and their differing effects are measured and
weighed. In addressing these issues, questions arise on how to measure the effects and consider
trade-offs resulting from agricultural and food system practices, what current methodologies can
be used to analyze and compare the trade-offs, and what data gaps and uncertainties exist to
hamper decision making.
As the population continues to grow, important questions about the future of the food system
have been raised (see Box 1-1). In many different ways and from many different perspectives,
various groups (e.g., U.S. Department of Agriculture, U.S. Agency for International Development, Food
and Agriculture Organization, UN Environment Programme, World Food Program) have expressed
concerns and made serious calls and efforts to address a range of world food problems. The
report elaborates on many of them.
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BOX 1-1
Selected Concerns About the Food System

•
•
•
•
•
•
•
•
•
•
•

Availability, accessibility, affordability, and quality of the food supply.
Effects of global climate change on agricultural productivity.
Emissions of greenhouse gases that result from the activities in the food system.
The prevalence of antibiotic-resistant bacteria in food or the environment, with serious
consequences in human health.
Levels and quality of water and other natural resources that are important for sustaining
life.
The prevalence of obesity and diet-associated chronic diseases.
Global and U.S. food security and malnutrition, particularly when the global population is
predicted to increase to 9 billion by 2050.
Exposure to chemical contaminants occurring in the environment and to chemical
residues as a result of agriculture and food-producing activities.
The social and economic viability of livelihoods of rural or fishing communities.
The balance of natural ecosystems and biodiversity.
Workers’ quality of life characteristics, including access to health, safety concerns,
and adequate wages.

The idea for this study originated at a 2012 Institute of Medicine (IOM)/National Research
Council (NRC) workshop, Exploring the True Costs of Food. The workshop was designed to
spur interdisciplinary discussion about the domestic environmental and health effects of the food
system. It brought together expert stakeholders who rarely explore these questions together, and
individual speakers who stressed the need for an evidence-based, integrated framework that
could systemically examine the complex relationships among domestic environmental and health
effects of the U.S. food system. At a meeting immediately after the workshop, attendees
generated key questions about emerging challenges in food and agriculture. Those ideas led to
many conversations that resulted in the current study.
To inform business and management decisions, a first task when addressing these challenges
is to understand and measure the various costs and benefits of the food system. At the 2012
IOM/NRC workshop, the speakers shared tools and methodologies, and these presentations
highlighted two important problems that limit a comprehensive approach to addressing the
complex relationships that exist within the U.S. food system. The first is that current methods
designed to examine impacts, such as life cycle assessment (LCA) and health impact assessment
(HIA), are limited in a variety of ways. LCA—the evaluation of the environmental costs and
benefits across a product’s life span—has been used to compare the effects of alternative
practices and for business/management decision-making processes. However, an LCA rarely
includes health or socioeconomic effects and often only accounts for a limited number of
environmental effect categories (e.g., greenhouse gas emissions). HIA is a systematic process to
assess the potential health effects of proposed policies and programs that have historically not
been recognized as related to health; however, HIA has not been broadly used in the context of
agriculture and food. Other analytical tools, such as risk assessments, continue to be improved,
but are generally used only to assist in making decisions about chemical and microbiological
safety. These methodologies work well in some situations, but may have critical limitations
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when measuring the complex relationships within the food system. Their limitations have led to
disagreements about their proper use, which hinders potential improvements in decision-making
processes.
A second problem that was highlighted at the workshop is that although a siloed approach
(taking one effect at a time) to making decisions might be clearer at communicating with others,
it may also lead to potential unintended and undesirable effects. For example, evaluations about
the merits of various farm animal housing designs can lead to unintended consequences if
important dimensions (health, environmental, social, or economic effects) are absent from the
decision-making process. Several reports also have recommended improved consistency and
alignment between agriculture and health and nutrition policies, which highlight the need for
improved approaches (Hawkes, 2007; IOM, 2012). Such challenges become even greater when
the effects of U.S. actions on the global food system are added to the equation.
Understanding the relationships among components of the food system and their effects on
health, the environment, and society are essential prerequisites for attempting any quantitative
evaluation of costs and benefits of the food system. Building on the methods mentioned above, a
common analytical framework for decision makers, researchers, and practitioners is needed to
systemically consider and evaluate contentious topics.
STATEMENT OF TASK AND APPROACH OF THE COMMITTEE
The Task
The IOM and the NRC convened an expert committee to develop an analytical framework
for assessing the health, environmental, social, and economic effects (whether positive or
negative, intentional or unintentional) associated with the ways in which food is grown,
processed, distributed, and marketed in the United States. It was desired that the framework
would provide a systemic approach that would examine the effects of activities, practices, or
policies within the U.S. food system and across its broader global and societal settings. This
framework would use a variety of methods that could enable decision makers, researchers, and
others to understand the potential impact of a proposed change. To assist readers in
understanding the framework, the committee was also charged with selecting examples to
illustrate the potential utility of the framework, and to identify gaps in areas where further
information is needed for more accurate assessments (see Statement of Task in Box 1-2).
Because of the tight time line, early on the committee decided to focus primarily on the
domestic effects of the U.S. food system. Consequently, the discussions about the effects of the
food system do not include discussion of important consequences of U.S. food-related actions for
the rest of the world, or feedbacks from global responses to changes in the U.S. food system.
Those discussions need to be understood with that limitation in mind.
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BOX 1-2
Statement of Task

The expert committee will develop a framework for assessing the health, environmental, and
social effects (positive and negative) associated with the ways in which food is grown,
processed, distributed, marketed, retailed, and consumed within the U.S. food system. In
developing the framework, the committee will undertake the following activities:
1. Examine available methods, methodologies, and data that are needed to undertake
comparisons and measure effects. Examples of such needs that the committee will examine
are:

•

Defining comparable characteristics of different configurations of elements within the
food system.
• Mapping the pathways through which different configurations of elements of the food
system create or contribute to health, environmental, and social effects.
• Determining the contribution of those configurations to effects relative to those from
other influences.
• Characterizing the scale of effects (e.g., individual, national, etc.).
• Quantifying the magnitude and direction of effects.
• Monetizing effects, when appropriate.
• Addressing uncertainty, complexity, and variability in conducting comparisons and
measuring effects.
2. Describe several examples of different configurations of elements within the food system
and describe how the framework will be applied, step by step, to compare them. Examples
should be drawn from different parts of the food system (production, harvest, processing,
distribution, marketing, retailing, and consumption). The emphasis will be on those effects
that are generally not recognized (i.e., they may not be fully incorporated into the price of
food). Different configurations for the committee to consider might include: regionally based
food systems and a global food system; free-range production of poultry and caged housing
practices; and reduced retail presence of processed food and current availability of
processed food.
3. In constructing examples, describe the strengths and weaknesses of the framework in
different contextual situations and suggest how and when adjustments to the framework
may lead to more accurate comparisons. The goal of the examples is to illustrate the
potential utility of the framework to analyze a variety of questions and compare, measure,
and, in some cases, monetize the effects of different scenarios on public health, the
environment, and society. The focus of these exercises should be in explaining the elements
of the framework, not in attempting the analyses.
4. The committee will also identify information needs and gaps in methods and methodologies
that, if filled, could provide greater certainty in the attribution and quantification of effects
related to food system configurations and improve the predictive value of the framework for
evaluating how changes in and across the food system might affect health, the environment,
and society.

This study has three major aims: (1) facilitating understanding of the environmental, health,
social, and economic effects associated with the food system and how these effects are
interlinked; (2) encouraging the development of improved metrics to identify and measure these
effects; and (3) enhancing decision making about agricultural and food policies and practices so
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as to minimize unintended consequences across the health, environmental, social, and economic
dimensions.
The committee envisions the framework to be useful in many ways and to be used by
different audiences (e.g., policy makers, researchers, practitioners, other stakeholders). For
example, policy makers could use the framework to compare the effects and trade-offs of
alternative food system policies or practices. The proposed framework is also relevant for
researchers who are interested in examining the health, environmental, social, and economic
effects of food production, processing, distribution, and marketing. Practitioners and other
stakeholders working in agriculture, health, and the environment can use the framework to
develop evidence that would be helpful in understanding the costs and benefits of alternative
configurations1 (e.g., activities, practices, or policies) within a food system.
General Approach
An ad-hoc, expert committee of 15 experts was convened to conduct the study and develop a
consensus report. The committee members have expertise in agricultural production systems;
food system analysis; food and nutritional sciences; environmental effects of food and
agriculture; health impact assessment; life cycle assessment; health, agriculture, and food
economics; and complex systems modeling. The composition of the committee reflects the fact
that the main goal of the Statement of Task is to develop an analytical framework to assess the
food system (which requires highly technical skills and knowledge of methodologies) and not to
evaluate food system configurations.
The committee met five times in closed session to gather information, assess literature and
other evidence sources, and deliberate, and they had numerous other interactions by telephone
and e-mail. In addition, the committee conducted two public sessions and one 1.5-day workshop.
The public sessions and workshop provided an opportunity for the committee to obtain
information helpful to accomplishing its tasks (see Appendix A for public sessions and workshop
agendas).
Before developing its framework, the committee believed it was necessary to define critical
terms to provide context for its task. In that vein, the committee first undertook an exercise to
describe the U.S. food system and to examine how the current system has evolved. In examining
the domestic food system, the intricacies and nuances of the system were revealed, along with its
numerous interactions across multiple dimensions, confirming the need for a comprehensive
assessment that would consider these complexities.
Boundaries and Clarifications About the Task
Although the task of the committee is clear in delineating the scope of the committee’s work,
a few aspects of the task deserve further explanation so that the reader has the appropriate
expectations about the report.
The committee carried out its task from the U.S. perspective, which was used in the
description of the U.S. food system and a brief historical overview of how it evolved. Similarly,
1

Elements within the food system, such as policy interventions, technologies, market conditions, or organizational
structure of different segments of the food system, that can be modified to achieve a particular goal or to explore
how potential drivers (e.g., growth in demand for foods with particular traits) might impact the distribution of health,
environmental, social, and economic effects.
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the descriptions of the effects and its complexities have focused on the U.S. population and
environment. Given the level of international trade, investment, and institutional relationships of
the U.S. food system and the global nature of the food and agriculture industry as a whole, the
committee recognizes that any actions in the United States will have effects not just at the
domestic level, but globally as well. Given widely different levels of economic and food system
development worldwide, effects of similar policies or practices elsewhere could be both
important and very different. Such variations and trade-offs are important considerations when
crafting effective interventions.
In addition to developing a framework, the committee was asked to provide different
examples within the food system on how proposed changes in one area could affect others. These
examples would demonstrate how the framework could be applied to assess different
configurations within the food system. Although it was outside the committee’s task to conduct
any actual assessments, the examples reiterate how decisions may have unanticipated
consequences across the food system. The six examples chosen by the committee are relevant for
the current U.S. food system because they raise important and complex questions. The issues
touch on healthy and safe diets, food security, animal welfare, environmental health, and natural
resource use. In presenting the examples, the committee strove to provide contextual information
and evidence relative to the potential effects. The examples have global effects that in some
cases were not assessed; still, the intention of the committee was that any user of the framework
would also consider effects at the global level. The committee did not conduct any analysis or
makes recommendations on how to improve any aspect of the food system by new processes or
policy interventions. In addition, the committee did not make recommendations on how the
framework could be used in the policy-making process. Because the committee did not conduct
actual assessments, it did not attempt to gather all the necessary data or review the evidence in a
systematic manner. Therefore, these applications of the framework are conducted in relatively
brief and theoretical terms.
The framework is intended to be an analytical tool to evaluate discrete components of the
food system and their interplay with the broader food system. When analyzing specific areas of
the food system, users of this framework will need to be aware of as many effects as possible,
even when they cannot all be included in an analysis. The committee recognizes that for many of
the effects mentioned, the data are scarce and assessments are difficult to conduct. In such
circumstances, decisions still need to be made about agriculture and food and data or analytical
deficiencies should be noted. However, with enough interest and urgency from stakeholders, data
can be collected and analyzed and scientific assessments can be conducted to strengthen analyses
and decisions.
As noted earlier, the U.S. food system is embedded in a broader social, biophysical, and
economic context within American society. Within that context, many factors play a role in
shaping the health, environmental, social, and economic effects of the food system. The
committee recognizes that neither all the factors nor all the effects and complexities of the food
system were identified in the report. For example, significant factors that need to be considered,
such as the anthropological and cultural aspects of populations, were omitted. Important effects
such as genetic biodiversity, food waste, and others are also not mentioned. Furthermore, the
committee made no attempt to assess levels of causation to attribute to these factors or to provide
guidance for what will constitute various levels of evidence, but it does refer to other
authoritative reports and papers that have addressed this difficult question.
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In addition, there are many other important scenarios (or configurations) of the food system
that could have been used as examples to show the application of the framework. For example,
the framework could be used by private companies or public institutions to help guide decisions
about management of food waste or of food defense concerns, but none of these aspects (or
many others) are elaborated in the report.
ORGANIZATION OF THE REPORT
This introductory chapter has described the origins of the study, the Statement of Task, and
the approach taken by the committee to address its charge. Chapter 2 describes the U.S. food
system and highlights the evolutionary process that has led to its current configuration. The next
series of chapters discuss important effects in four dimensions of interest, namely health
(Chapter 3), environmental (Chapter 4), and social and economic (Chapter 5) dimensions.
Chapter 6 discusses the food system as a “complex adaptive system”2 and Chapter 7 describes
the committee’s analytic framework. In describing the utility of the framework, Chapter 7 takes
the issue of antibiotics to illustrate steps for applying the framework. Chapter 7 also illustrates
the use of the framework with five additional examples (Annexes 1 through 5): (1)
recommendations for fish consumption; (2) biofuels; (3) recommendations for fruit and
vegetable consumption; (4) nitrogen use in agriculture; and (5) hen housing practices. The
committee notes that some readers might want to go directly to Chapter 6 (“The Food System as
a Complex, Adaptive System”) and Chapter 7 (“A Framework for Assessing the Food System”),
but other readers might find the effects of the food system (Chapters 3, 4, 5) useful as they
provide valuable details demonstrating the complexities. The report ends with concluding
comments in Chapter 8. Finally, the appendixes present the open session’s agendas (Appendix
A); tables of selected databases, metrics, methods, and models (Appendix B); a list of acronyms
(Appendix C); and short biographies of committee members (Appendix D).
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2

A complex adaptive system is a system composed of many heterogeneous pieces, whose interactions drive system
behavior in ways that cannot easily be understood from considering the components separately.
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Overview of the U.S. Food System

To develop a framework for assessing the effects of a food system, it is essential to define the
internal components and boundaries of the system, as well as its linkages to an “external” world.
Previous scholars have operationalized a definition of the U.S. food system in many ways
(Kinsey, 2001, 2013; Oskam et al., 2010; Senauer and Venturini, 2005). Nearly all contain some
notion of a “food supply chain” through which raw materials and inputs are turned into edible
food products that are consumed by end users. Other definitions include significant attention to
the biophysical and social/institutional environments within which the supply chain operates.
The committee has used this more comprehensive approach in developing its framework. But
today’s food system has been shaped historically by different internal and external drivers (e.g.,
policy, markets, environmental change) that have evolved with time as well. To view the food
system in this historical context, the chapter describes the current system followed by a brief
history of its evolution as it has been shaped by those drivers. Because the focus of this report is
to develop a framework and not to represent a historical account of events, the committee treats
the history and evolution of the food system succinctly, avoiding extensive descriptions of events
or identification of all the drivers and their interactions. Furthermore, to assess the effects of the
food system, it is necessary to have a good understanding of its drivers (see Chapter 7). Because
the food system is dynamic and the drivers will likely be different in the future, the intent of this
chapter is simply to expose the readers (and future assessors of the food system) to ideas for
potential drivers. Some of the drivers, however, are elaborated further in other chapters to
exemplify the complexities of the food system.
DEFINING AND MAPPING THE CURRENT U.S. FOOD SYSTEM
Food Supply Chain
In a simple subsistence agricultural society, the number of actors, inputs, flows, processes,
and outputs in a food supply chain might be relatively few because most producers and
consumers of food are the same. In the modern U.S. food system, however, the food supply
chain is extremely complex, and the delivery of a single type of food to a consumer involves
many actors. Here, we describe a system that has experienced significant changes over the past
PREPUBLICATION COPY: UNCORRECTED PROOFS
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50 years,, with multip
ple positive and negativ
ve effects onn health, thee environmeent, the econnomy,
and socieety.
Food Sup
pply Chain Components
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Figurre 2-1 illustrrates the corre componen
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modern U.S. food supplyy chain.1 Priimary
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on of food commoditiees usually originates
o
inn the farm pproduction sector, in w
which
farmers, fishers, and
d ranchers combine th
heir land, w
water, and laabor resourcces with caapital,
machinerry, and man
nufactured in
nputs from an input suupply sector to produce raw agricuultural
commodities (crops and
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k).
Altho
ough food so
old directly from
f
farmerss to consumeers is a smalll but growinng segment oof the
market, the overwh
helming bulk
k of food is handled by several other sectoors before bbeing
consumed. Initially, many comm
modities aree sold by faarmers to fiirst line hanndlers or priimary
processorrs who aggrregate, store,, and provid
de initial proocessing of ccommoditiess before shippping
them to wholesalers
w
or the processing and manufacturing
m
g sectors. First line handdlers includee both
for-profitt commodity
y trading co
ompanies an
nd farmer coooperatives that aggregaate the outpput of
individuaal farms to gain econom
mies of scale and markket access too the rest off the food suupply
chain. Fiirst line han
ndlers also include
i
com
mpanies that wash, waxx, wrap, andd pack fruitss and
vegetablees, as well ass flour milleers, oilseed processors,
p
aand other firm
ms that prepare raw materials
for use in the processing and manufacturin
m
ng of finisheed food prodducts. By-prroducts from
m this
sector offten are fed
d to livestocck or used in industriaal processess. The foodd processingg and
manufactturing sectorr includes meat
m
packerss, bakeries, aand consum
mer product ggoods comppanies
that turn raw materiaals into higheer value pack
kaged and prrocessed foood products.

FIGURE 2-1 Concep
ptual model of
o a food supp
ply chain. Eleements or acttors in this suupply chain iin one
area (e.g.,, region or cou
untry) also haave interactions (e.g., interrnational tradee) with actorss in other areaas.
1

A more detailed
d
descrip
ption of the key
y actors within
n each subsectoor is provided iin Chapter 5.

PREPUBLIC
P
CATION CO
OPY: UNC
CORRECTE
ED PROOFS
S

Copyright © National Academy of Sciences. All rights reserved.

A Framework for Assessing Effects of the Food System

OVERVIEW OF THE U.S. FOOD SYSTEM

2-3

The food products provided by first line handlers and the processing and manufacturing
sector are often passed along to a wholesale and logistics sector. The wholesale food industry
consists of companies that purchase and store food products in a network of warehouse facilities
and then sell and distribute these products to retail outlets using an extensive transportation
infrastructure. A logistics firm refers to a company that does not actually assume ownership of
the food products, but is paid to provide the service of logistical distribution and inventory
coordination.
Ultimately, most food products are passed along to the retail food and food service sectors,
where most consumers in the United States purchase their food. The retail food sector includes
grocery stores, convenience stores, vending machines, and other retail outlets where individual
consumers buy food products for home preparation and consumption. The food service sector
includes restaurants, fast-food outlets, eating and drinking establishments, and institutional
cafeterias where individuals purchase both food and the service of having that food prepared and
served. This sector represents a growing fraction of the retail food supply.
In most graphic depictions of the food supply chain, consumers represent the final actors.
Consumers are individuals who purchase (and store) food to be prepared or eaten at home or
elsewhere, or who eat in a food service establishment. Some consumers receive food assistance
through governmental programs such as the Supplemental Nutrition Assistance Program (SNAP)
and the Special Supplemental Nutrition Program for Women, Infants, and Children (WIC).
Others may receive food through school feeding programs or through private food banks and
shelves.
Supply Chain Material Flows
Figure 2-1 also highlights the flows of food, services, and information about food (orange
arrows), which begin at the input and farm production sector and extend along the food supply
chain until they reach the consumer. This information includes grades, brands, nutritional labels,
and advertising. At the same time, the figure illustrates the flows of information about consumer
preferences (blue arrows) expressed in terms of market demand (purchases) or pressure on policy
makers that move back up the chain and influence the types of foods that are grown, processed,
distributed, and sold.
To put the material flows in perspective, the approximate volumes of different types of food
that flow through the U.S. food system are highlighted in Figure 2-2. All quantities are converted
to billions of pounds and are based on 2009 numbers from the U.S. Department of Agriculture
(USDA). The first observation is that about one-third of the 1,260 billion pounds (b. lbs) of all
field crop production in the United States is used directly for animal feed. Livestock are also fed
a considerable amount of forages (from harvested hay, pastures, and rangelands) that is not
included in the figure. As a rough approximation, U.S. producers harvested 130-155 million tons
of hay and forage for livestock feed in 2007 and 2012 (USDA, 2009, 2014). Statistics about the
total volume of forages consumed by livestock grazing on pasture and rangeland are not
systematically gathered by the USDA, but estimates of average intake for grazing livestock
suggest an equal or larger share of total beef, dairy, and sheep livestock forage intake (USDA,
2003). Another 18 percent of field crops (230 b. lbs) are exported as bulk commodities. This
export market has been a source of economic growth and stability for producers. Because the
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United States imports only 67 b. lbs of food products (both crops and livestock), the U.S. food
system has contributed to moving the overall U.S. balance of trade toward the positive side.
Most of the field crop production in the United States that is not exported or fed to livestock
(roughly half the total) goes through some type of food processing and manufacturing before
being consumed by people. Although many fruits and vegetables are consumed in raw form,
most are still subjected to washing, sorting, waxing, storing, and transportation through the
commercial supply chain.
Some representations of the food supply chain that are based on “full life cycle accounting”
approaches also include the actors and subsectors that deal with food loss, waste, and recovery.
Food loss and waste occur all along the food supply chain, from farm to fork. Examples of loss2
include: farmers finding it economically unfeasible to send all their product to market; food
producers deciding not to use products that fail to meet quality standards; quality of product not
meeting standards at retail; households discarding food that is out of date or spoiled; and
consumers not always saving leftover food for future consumption. The waste stream also
includes products that result from food consumption.
The roughly 1 trillion lbs of crop products (1,260 b. lbs minus 230 b. lbs of exports) are
converted into roughly 664 billion pounds of beverages and edible food. This implies a one-third
loss in weight between production and retail. Some of this weight loss is due to field trimming
and storing, but much of the volume is recycled as by-products used in animal husbandry or
industrial applications. Other weight losses come in processing and manufacturing, as raw
products are trimmed of fat and bone, peeled, cooked, dried, and stored. Spoilage occurs,
especially in fresh product.
Retail and household losses of edible food are estimated to be 31 percent of the pounds of
food available for consumption and 33 percent of the calories in food available for consumption
(Buzby et al., 2013, 2014). In 2010, this aggregate loss/waste equaled $161.6 billion (Buzby et
al., 2014), which is about 11 percent of the total value of food and beverage sales in 2013 dollars
($1,624 billion) (Food Institute, 2014).
The 664 billion pounds of beverages and edible food available to consumers can be further
subdivided to illustrate the relative importance of different retail outlets. Figure 2-3 uses data
from the 2005-2008 National Health and Nutrition Survey (NHANES) and 2012 data from the
USDA Economic Research Service (ERS) to show that about two-thirds of the volume of the
available, edible foods and beverages and about half of the dollars spent on food were consumed
at home, with the remainder consumed away from home (Lin and Guthrie, 2012).
Economic Importance of U.S. Food Chain Components
The percentage of income spent on food is approximately 10 percent (ERS, 2013a), although
it varies somewhat depending on household income (see Chapter 5). Overall, however, the food
system represents one of the most significant components of the U.S. economy. It affects the
social and economic well-being of nearly all Americans and plays a significant role in the wellbeing of the global community. The USDA/ERS estimates that agriculture and food contributed
nearly $776 billion to the U.S. gross domestic product in 2012 (nearly 5 percent of the total)
(ERS, 2014a). Although production agriculture generates slightly less than 1 percent of gross
domestic product (GDP), the food processing and manufacturing as well as the food service
industries (including retail stores) each account for an additional 2 percent of U.S. economic
2

Edible, post-harvest food available for human consumption, but not consumed for any reason.

PREPUBLICATION COPY: UNCORRECTED PROOFS

Copyright © National Academy of Sciences. All rights reserved.

A Framework for Assessing Effects of the Food System

OVERVIE
EW OF THE U.S.
U FOOD SYSTEM

2-5

output (see Figure 2--4). The U.S. food and fiiber system aaccounted foor 18 percennt of employm
ment
(King et al., 2012), 4 percent of imported
i
goo
ods, and 11 ppercent of exxports in 2011 (ERS,
2014c).

FIGURE 2-2 Flow off food in the U.S.
U food systtem.
SOURCE
E: Adapted fro
om Kinsey, 20
013, p. 22. Reeprinted with permission ffrom Springerr.
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FIGURE 2-3 Percenttage of caloriies and food expenditures
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for food connsumed at hom
me and awayy from
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SOURCE
ES: Lin and Guthrie,
G
2012; ERS, 2013a.
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FIGURE 2-4 Estimated value addeed to GDP by
y sectors of U .S. food suppply chain, 20005-2012.
SOURCE
E: ERS, 2014aa.
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m production
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FIGURE 2-5 Farm sh
hare of consum
mer food expenditures, 19993-2012.
SOURCE
E: ERS, 2014b
b.

Figurre 2-6 looks at the consu
umer food do
ollar from a second aspeect, namely tthe distributiion of
consumer food dollaars based on
n the value added
a
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food sup
pply chain. The
T farm prroduction seector is notaable for allocating mostt of its econnomic
returns to
o capital inpu
uts, while th
he food serviice sector is m
most focuseed on labor eexpenses.
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FIGURE 2-7 Distrib
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hain, 2012.
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E: ERS, 2014b
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Biop
physical and
d Social/Insstitutional C
Contexts
Up to
o this point, the report has focused on
o the food ssupply chainn as the coree of the U.S. food
system. Yet this ecconomic sy
ystem of prroducing, prrocessing, ddistributing, marketing,, and
consumin
ng food dev
veloped and
d operates within
w
a broaader biophyysical and soocial/instituttional
context. Figure 2-8
8 provides a visual illlustration oof the connnections among the vaarious
U food systtem and thiss broader conntext.
componeents of the U.S.
Biophysical Environm
ment
Initially, it should bee obvious thaat the naturaal resource bbase (e.g., lannd, water, nuutrients, sunnlight,
b
and genetic diversity) provide
p
criticcal inputs to the farmingg sector that m
make
energy, biodiversity,
possible the productiivity and ou
utput that entter the rest oof the food ssupply chainn. In terms oof the
sheer sizze and quality of our faarmland, waater resourcees, and the vvariety of faavorable clim
matic
growing zones, the United
U
Statess is one of th
he two mostt fertile areass in the worlld, accordingg to a
P
Insttitute for Cliimate Impacct Research (Dutia, 20144). These naatural
2006 study by the Potsdam
endowmeents have beeen augmentted by public and privatte investmennts in producctivity-enhanncing
research and develop
pment: fertillizers and ag
gricultural cchemicals, m
mechanizatioon, efficient plant
mal breedin
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FIGURE 2-8 Links between
b
the food supply chain and thhe larger biopphysical and social/instituutional
context.

and proccessing systeems. As a reesult, the United States has a global comparattive advantaage in
producin
ng many typees of agriculttural products for both ddomestic usee and export..
Despite these ad
dvantages, th
he developm
ment and perrformance off the food ssupply chainn also
can diminish the natu
ural resourcee base by co
onsuming sccarce resourcces (like eneergy or nutrieents),
nating resourrces, or generating outp
puts (often w
waste produccts) that dim
minish the quuality
contamin
of the bio
ophysical en
nvironment. These
T
negatiive effects c an be reduceed through ppublic and prrivate
investmeents to mitig
gate or ameliorate harm
ms, and suchh investmennts have takken an increeasing
share of research and
d developmeent funding in recent deecades. Todaay, soil degrradation in N
North
America affects only
y 25 percent of cropland, compared tto roughly tw
wo thirds inn Africa and more
than 50 percent
p
in Latin
L
Americca (Wiebe, 2003).
2
Conssequently, thhe United S
States also has an
environm
mental compaarative advaantage in pro
oducing land -intensive crrops and liveestock produucts.
As both a sourcee of critical inputs and a recipient of the waste stream annd by-produccts of
farm and
d food production, the bio
ophysical en
nvironment iis an integraal componentt of the U.S. food
system, and
a its qualitty and condiition is criticcal to the lonng-term sustaainability off the food syystem.
Key biop
physical elem
ments of the food system
m are illustratted in Figuree 2-8 above.
Social/In
nstitutional Context
C
A wide range of social and institutional
i
factors also shapes the ways in whiich the U.S. food
system evolves and operates.
o
Th
hese factors can
c be groupped into fouur categories: (1) marketts, (2)
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policies, (3) science and technology, and (4) social organizations. Examples of the kinds of
forces at work in each category are illustrated in Figure 2-8.
Markets The food system is clearly driven by the structure of markets, changes in supply and
demand, and shifts in the economic status of U.S. consumers through time. Shifts in the size,
number, and organization of farm and food businesses over the past 50 years also have
dramatically reshaped the ways that food products are produced and economic returns are
distributed throughout the food supply chain. These changes are tied to shifts in consumer
preferences and food consumption patterns. The food system also interacts with other sectors of
the U.S. economy through exchanges of inputs or outputs and competition for raw materials and
consumer dollars. For example, land as a resource is critically important for producing food, but
it also grows fiber, energy crops, and trees and serves as a carbon sink. Land also is a critical
resource for residences, businesses, roads, recreation, and amenities. At the consumption link,
nutritional patterns interact with lifestyles to shape health outcomes. So, while the food system
has boundaries, those boundaries are permeable and often overlap with other important human
systems. As a result, to understand any food system, it is important to include a careful analysis
of how markets shape and are shaped by the behaviors of farmers, processors, handlers,
manufacturers, marketers, and consumers.
Policies Many local, state, and federal policies directly affect U.S. farming activities, food
processing and marketing practices, nutrition guidance, and food consumption behaviors. These
include farm commodity and risk management policies, nutrition programs, food safety
regulations, labor regulations, environmental laws, and programs to promote or shape patterns of
international trade in farm commodities and food products. The trajectory of change and
performance of any food system requires an understanding of the configuration of public and
private policies and the politics and resources behind them, and new laws, regulations, and
changes in public spending can be major levers used by societal actors to alter food system
behaviors.
Science and technology Research and innovations shape the trajectory of technological change
in the farm and food industry sectors. In the United States, drivers of technological innovation in
food and agriculture include the extensive network of public agricultural research institutions
(e.g., land-grant universities, the Agricultural Research Service) as well as the significant
research and development (R&D) programs implemented by private-sector agribusiness and food
industry firms. With their mission to integrate research, education, and extension, land-grant
universities have been especially critical for agricultural R&D by creating an effective avenue of
communicating the most pressing concerns from farmers to researchers, and communicating
solutions from researchers to farmers through the extension network. Together, the public- and
private-sector institutions determine the information that key food system actors have about the
performance of alternative approaches to farming and food provision and affect the relative
economic viability of different farm production and food processing systems. At this time,
budgets for public research in agriculture and food are declining, in many instances replaced by
R&D funding from the private sector for the development of commercial products (Buttel,
2003b; Pardey et al., 2013).
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Social organizations Many actors, organizations, and stakeholder groups actively seek to
change consumer and producer behaviors, and shape “the structure and behavior of public and
private institutions” (NRC, 2010, p. 272). Private firms, government agencies, and non-profit
organizations regularly disseminate information to consumers in the hope of influencing their
food consumption behaviors. Other actors are only indirectly engaged in the food system, but
their interests and preferences directly influence food-system dynamics. These include farm and
food interest groups, government agencies, community civic organizations, media commentators,
and academics. The activities of these groups shape (and respond to) the behaviors of individual
actors and firms in the farm’s production and food system, altering markets and, often, public
policies.
Boundaries of the U.S. Food System
As described above, the committee’s working definition of the U.S. food system includes
both the core components of the food supply chain as well as key features of the broader
biophysical and social/institutional context within which food production, processing,
distribution, marketing, and consumption activities take place. Any assessment of the effects of
alternative configurations of the U.S. food system will require specification of the boundaries of
the system of interest (see Chapter 7). Depending on the questions of greatest interest, this
approach may require a local, sectoral, national, or global approach.
At one level, it is possible to conceive of the entire U.S. food system as a single national
system. This would include all the segments of the food supply chain that exist within U.S.
borders as well as the biophysical resources on which farm and food production depend and the
social and institutional components that most directly shape the dynamics of farm and food
system activity.
Many analyses will choose to focus on a smaller scale, perhaps by examining the dynamics
of the food system in particular regions of the United States, or by focusing on the production of
a particular commodity or class of commodities (say the poultry production system, or the fruit
and vegetable system). In these cases, the general conceptual model that includes both the supply
chain and the biophysical and social/institutional components is still helpful in pointing to the
key components that an assessment would need to include. In these cases, the physical and
economic boundaries of the components that are considered to be “inside” or “outside” the
system may differ, depending on the focus of the study.
Although drawing a bright line at the U.S. border when defining the food system can be
analytically helpful, it is impossible to ignore the fact that the U.S. food system is increasingly
integrated within a much larger global food system. The boundaries of the U.S. food system are
highly permeable to the rest of the world’s food system (see Figure 2-9). People migrate,
agricultural inputs and food products are traded, and policies and markets create price and
behavioral repercussions elsewhere. Changes in global environmental conditions also affect food
system dynamics across national boundaries. Some of these interactions are episodic, but many
have become deeply embedded interdependencies. As a result, any analysis of the effects of
changes in the U.S. food system would be incomplete without accounting for responses and
feedbacks related to global markets, policies, technology, and influencers.
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FIGURE 2-9 Conceeptual model of connectio
ons between the U.S. foood system annd the globall food
system.

EVOLU
UTION OF THE
T
U.S. F
FOOD SYST
TEM
This section pro
ovides a brief history of food annd agricultur
ure in the U
United Statees by
t
shaped the
t developm
ment of the ccurrent foodd system. It ppoints to thee core
highlightting events that
drivers an
nd major treends that willl continue to
o shape this cconstantly chhanging andd evolving syystem
in the futture. As the committee discusses
d
in more depthh in Chapter 6, the food system is a good
example of a compleex, adaptive system wheere changes in one part (or outside tthe system) often
generate unexpected
d outcomes in other paarts of the food system
m. Assessinng the effeccts of
ons of the fo
ood system need to inteegrate considderations off how key drrivers
different configuratio
backs will afffect outcom
mes.
and feedb
The time
t
line sho
own in Figurres 2-10 and
d 2-11 providdes a very geeneral chronnological guiide to
some off the key events
e
or ch
hanges in natural
n
resoources, marrkets, policies, science,, and
technolog
gy, and sociial organizations that shaaped the evoolution of thhe U.S. farm and food syystem
from 180
00 to 2014. Taking a long view, the current
nt U.S. foodd system cleearly bears little
resemblaance to the food system
m that sustaained the nnation’s popuulation throoughout the 19th
century. Figure 2-12
2 shows ho
ow the farm
m sector wittnessed dram
matic growtth (in both farm
numbers and farm acreage)
a
thro
oughout the 19th centurry, as high rrates of imm
migration annd the
rapid exp
pansion of frontier
f
land
d settlement contributed to the grow
wth of the naation. Durinng the
20th cen
ntury, outputt continued to rise, but technologiccal change aand growth iin farm sizee was
associateed with a stteady drop in farm num
mbers and tthe size of the hired ffarm labor fforce.
Meanwhile, total acrres used in farming rem
mained relat
atively stablee, though thhe total avaiilable
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prime farmland has declined slowly as urban and suburban areas have expanded onto former
farm fields at the outskirts of cities and small towns.
Similar dramatic changes have occurred throughout the food supply chain, with dramatic
impacts on the nutrition and health status of the population. Figure 2-13 illustrates a steady
growth in the availability of calories (on a per-capita basis) since the middle of the 20th century.
The graph also shows a steady rise in the inflation-adjusted volume of food expenditures in the
United States, possibly due in part to improvements in diets, increased consumption of livestock
products, and a shift toward consumption of food away from home. On the down side, an
increase in obesity and in the loss-adjusted calories consumed per capita also has occurred since
the middle of the 20th century.
Although these figures provide some highlights of overall trends, they do not fully explain
the environmental, farm, off-farm, and societal developments that both resulted from and shaped
this agricultural transformation. In the next few sections, we explore the importance of these
developments in more detail. This discussion is organized around the five major drivers of
change introduced above: (1) environmental change; (2) markets; (3) policies; (4) technology;
and (5) social organizations. Each of these forces represents dynamic processes that will continue
to shape the health, environmental, social, and economic effects of the U.S. food system.
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FIGURE 2-12 Numb
ber of acres of farmland, farm
f
numberss, farm popullation, and nuumber of hireed farm
workers in
n the United States
S
from 1850 to 2012.
SOURCE
ES: Agricultu
ure in the Cllassroom, 20
014; BLS, 20014; NASS, 2014a,b; U.S. Census B
Bureau,
2014a,b; USDA,
U
2012;;.
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FIGURE 2-13 Trendss in major ind
dicators of foo
od supply, exppenditures, annd nutrition inn the United S
States,
1900-pressent.
SOURCE
ES: CDC/NCH
HS, 2014; CN
NPP, 2014; ER
RS, 2013a.
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Regional differences in climate, land quality, and the availability of labor led to the
development of distinctive farming systems (Pfeffer, 1983). Patterns of settlement in the Midwest
during the mid 1800s also were shaped by large numbers of northern European immigrants, who
had extensive experience with mixed crop–livestock systems. The southeastern United States was
dominated by a slave-supported plantation agriculture that produced export crops (cotton,
tobacco) and led to little investment in social infrastructure. California after Spanish settlement
had a hacienda system in place where large landowners established elaborate irrigation systems
and farming operations that spread over extensive land. Differences in the original natural
resource base and changes in resource conditions associated with different farming systems
shaped patterns of land management and population movement. One major factor in this
evolution was that the availability of land in most areas of the United States was much greater
than the availability of labor, except where slaves were used. In Iowa and much of the Midwest,
the U.S. government gave away quarter sections (160 acres)3 to those who could show they used
it effectively.
The closing of the American frontier occurred simultaneously with the rise of industrialization
and concentration of economic activity in the urban centers of the growing nation. A process of
outmigration from agriculture was associated with a time when the amount of land available for
farming was at its peak (see Figure 2-11), leading to growth in farm size and rapid technical
changes that allowed greater productivity and production by a smaller number of people.
The availability and quality of natural resources continues to be a primary driver behind
management decisions within the U.S. food system, particularly at the farm level. Farmers make
crop decisions based on the availability of water, climate appropriateness, and soil quality. As a
result, prime farmland tends to be located where natural resources are plentiful (i.e., rich, deep
soils; available surface and groundwater sources; and favorable climates). During the early
decades of the 20th century, in many parts of the United States, prime farmland has been replaced
by urban centers reliant on natural resources, especially water, and favorable climatic conditions.
This forced food production to lands characterized by fewer natural resources and less satisfactory
growing conditions. The agriculture sector overcame this obstacle by substantially increasing
yields on both prime and marginal farmland through the development and implementation of
technological advances in the 1930s and 1940s, such as new genetics (e.g., hybrid corn), the use
of synthetic fertilizers, investment in large water projects to irrigate the West, greater use of
pesticides to combat pest outbreaks, and a widespread shift to mechanical traction and tillage.
These technologies led to the successful production of food for a growing population but not
without significant environmental consequences. In 1930s, U.S. agriculture in the Great Plains
and the West faced severe drought and widespread soil erosion (known as the “Dust Bowl”),
leading to a focus on soil conservation policies and practices. Growing concerns over the impacts
of pesticide and synthetic fertilizer use on soil quality, species biodiversity, and water and air
quality in the latter half of the 20th century, as well as overpumping of groundwater in several
parts of the country, sparked the development of additional conservation policies, environmental
protection regulations, and a renewed interest in the production of food, fiber, and fuels that used
management strategies having minimal impact on the environment. Conservation policies and
environmental regulations enacted at the federal, state, and local levels, mainly since the 1970s in
response to the degradation of air and water quality, sought to protect natural resources while at
the same time meeting the growing demands for a safe, affordable, and plentiful food supply.
3

Homestead Act of 1862, Public Law 37-64, 37th Cong., 2nd sess. (December 2, 1861).
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The 1960s brought further concerns over the impact of pesticides on the environment. The
publication of Silent Spring by Rachel Carson in 1962 is credited with initiating the development
of such landmark policies as the formation of the Environmental Protection Agency (EPA) in
1970, the 1972 Federal Insecticide, Fungicide, and Rodenticide Act,4 and the 1972 Federal Water
Pollution Control Act5 (commonly known as the Clean Water Act). In more recent years, the
development and adoption of integrated pest management strategies continues to increase in an
effort to address pest problems while reducing pest resistance, protecting water quality, and
reducing human and wildlife exposure to potentially toxic chemicals. Additionally, widespread
eutrophication of freshwater systems and hypoxia zones in the Gulf of Mexico over the past 30
years, attributed to nutrient loading mainly from agriculture, has heightened the call for increased
regulations on non-point source pollution in several U.S. states.
Recently, consumer demands for environmentally friendly products are shaping agricultural
management decisions. For example, the increase in the demand for organic foods and humanely
produced animals is a result of consumer choice and attendant changes in corporate buyer
standards (a phenomenon known as “market pull”). Additionally, climate change will most likely
become a significant driver of U.S. farming practices, as changes in temperature and rainfall
patterns may limit the types and quantity of crops grown in what is now the most productive
agricultural land in the United States.
Markets
A major driver of the U.S. food system’s evolution—one that continues today—is market
forces, especially the competitive pressure to produce more, ever more efficiently. Market forces
reflect decisions by economic actors seeking to maximize their well-being, and always take place
within broader institutional, political, and technological contexts (discussed in more detail below),
which in turn shape the distribution of economic costs and benefits. Over the past century, intense
market competition, globalization, and changes in consumer preferences have contributed to a
dramatic restructuring of the organization of both farm and food production, and the development
of new and rapidly evolving food markets and technologies. Some of these interdependent
changes are described briefly below.
Restructuring of Farm and Food Production
Competition to be productive and profitable and the development of new technologies and
management practices have contributed to significant farm consolidation in the United States. In
1850, roughly half of the U.S. population lived on farms; today, less than one percent of
Americans earn their livelihoods from farming (BLS, 2014; U.S. Census Bureau, 2014a) This has
been termed the “great agricultural transition” of the 20th century; farming was abandoned as a
household livelihood strategy (Lobao and Meyer, 2001). The mass decline of the farm population
resulted in fewer and larger farms. The concentration of farm sales and assets, the specialization
of farm enterprises and regions, and agribusiness concentration increased greatly over the last half
of the 20th century (Buttel, 2003a) and continue to this day.

4
5

Federal Insecticide, Fungicide, and Rodenticide Act, 7 U.S.C. §136 et seq. (1996).
Federal Water Pollution Control Act, Public Law 92-500, 92nd Cong., 2nd sess. (October 18, 1972).
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Roughly 80 to 90 percent of U.S. food production is now provided by the 10 to 20 percent of
farmers who farm full-time (Hoppe and Banker, 2010). They are typically well educated and run
commercial businesses with sales often well above the USDA’s $350,000 threshold for “large
commercial farms” (Hoppe and MacDonald, 2013). Parallel to this, the number of farmingdependent counties has fallen to fewer than 500 today, with such off-farm activities as
manufacturing, services, and amenities becoming more important sources of local well-being in
rural counties (ERS, 2006, 2012). Where rural communities have lost off-farm activities, many
services, such as hospitals and schools, have closed.
Concentration also has occurred in the hog and beef industries, where production has shifted
to large, specialized farms (MacDonald and McBride, 2009). For example, in 2004, 80 percent of
the hog farms had more than 2,000 animals, up from 30 percent in 1992 (Key and McBride,
2007). Vertical integration of production, processing, and marketing has remade many animal
protein supply chains. An example is the poultry industry, where integrators (companies that
resulted from the integration of feeding, hatching, and processing poultry) and growers have
altered their reciprocal business relationships. The integrators now own the birds and feed and
control the production process. This structure, combined with the fact that a few integrators
control an increasing market share, has resulted in a greater power over poultry growers, with
important social consequences. (For research data on concentration of meat markets, see Ward
and Schroeder, 1994.)
The seed industry provides a good illustration of the broader pattern of agribusiness firm
consolidation in the latter 20th century. The small circles in Figure 2-14 were each independent
seed companies that sold inputs to farmers well into the 1970s and 1980s. However, a series of
mergers and acquisitions in the 1990s (prompted mainly by the entry of pharmaceutical and
chemical companies into the sector and with the rise of biotechnology methods to genetically
engineer seeds) led to rapid consolidation in the seed industry. In 2013 this sector was under the
control of eight major firms (Howard, 2009, 2014).
As a result of these mergers, the crop seed/biotechnology input sector now has what is termed
a “four-firm concentration ratio” of 53.9, meaning that the four largest firms have nearly 54
percent of the global market sales for these types of products. The four largest firms in each of the
other input industries (agricultural chemicals, farm machinery, animal health, and animal
genetics) also have more than 50 percent of the global market sales (Fuglie et al., 2012). In 2012,
the U.S. Department of Justice organized a series of workshops that allowed farmers and others to
voice their concerns about competing in a highly consolidated market (USDOJ, 2012). (For a
selection of potential effects due to industry restructuring, see Chapter 5.)
Similar changes—consolidation, use of new technology, vertical integration, market
expansion, and market differentiation—have occurred in the organizational structure of many
other parts of the food supply chain. Although some vibrant alternative food systems are
emerging, most of the food produced today relies on the logistical coordination of elaborated
supply chains. The competitive pressure to reduce prices has been a key goal stimulating greater
efficiencies and organizational changes in the supply chain, from the retailer back to the farmer.
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FIGURE 2-14 Seed in
ndustry structture, 1996-20
013.
SOURCE
E: Howard, 20
014. Reprinteed with perm
mission. https ://www.msu.eedu/~howarddp/seedindustrry.html
(accessed January 8, 20
015).
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unpaid family members were able to provide flexible labor to the operation without the fixed
costs of a hired workforce (Reinhardt and Barlett, 1989). In recent years, U.S. farmers and the
food manufacturing and food service industries have come to rely more heavily on hired workers,
many of whom are believed not to be authorized to work in the United States (Martin, 2013;
Martin and Jackson-Smith, 2013). Immigration policies, access to land for independent operators,
efforts to organize or unionize hired workers, and competition from non-farm sectors offering
better income or benefits have all contributed to the degree to which farm and food production
has been able to rely on unpaid family labor and inexpensive hired workers (Findeis et al., 2002;
Martin, 2009).
The availability of a flexible labor force willing to work for relatively low wages and minimal
benefits has been an important factor in the evolution of farming and food system industries
(FCWA, 2012). On the other hand, the farm and food sectors have seen dramatic increases in
labor productivity related to mechanization and other technological changes. For much of the 20th
century, mechanization has facilitated the growth in scale and productivity on most U.S. farms,
and freed labor to flow to non-farm industries in urban areas (Gardner, 2002; Lobao and Meyer,
2001). The pace and direction of mechanization in farm production and food processing have
been linked to situations where global competition is intense and domestic labor costs are
relatively high due to scarcity, changes in labor law, or efforts to unionize workers (Calvin and
Martin, 2010; Fidelibus, 2014; Friedland et al., 1981).
Restructuring of Food Sales Sector
The retail–wholesale sector also has evolved dramatically since the 1980s with the advent of
self-distribution centers by large retail food companies (those with more than 100 stores).
Traditionally, wholesalers have bought foodstuffs (and other consumer product goods) from
processors and manufacturers, held the inventory in their warehouses, and resold and delivered
them to retail stores or other buyers. In recent years, many of these wholesalers have gone out of
business, shrunk to providing these services to smaller stores, or become logistics companies.
This evolution came about as part of retail business strategies designed to hold as little inventory
as possible, which in turn, induced wholesale warehouses to shrink their inventory and switch to a
faster turnover model. The ideal, though not attainable, goal is to have a just-in-time delivery
model.
The 1990s saw the creation of retail “supercenters” and big box stores that also offer non-food
products. Key operational changes that made these stores possible were; (1) the increased
collaboration between retailers and suppliers with the development of retailer-owned distribution
centers; (2) the acquisition and analysis of consumer purchasing data at each store6; (3) lower
food prices (and less profitability in the food segment) that could be sustained by retailers with
more profitable sales in general merchandise; and (4) restructuring of operations, closing older
stores and focusing on core areas to further cut costs. Other strategies to stay competitive have
been; (1) globalization, which lowers the costs of marketing and provides year-round availability
of fresh produce; (2) product differentiation, such as organics or private labels; (3) perks for

6

A practice of sharing information about sales that was started by large food retailers in the early 1990s resulted in
inventory efficiencies for processors/manufacturers, wholesalers, and retailers. It was later adopted by other retailers
domestically, then internationally.
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FIGURE 2-15 Four Firm Concentrration Index (CR4):
(
Percenntage of total processed voolume controlled by
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nd 2007.
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E: Data from Hendrickson
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and
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n, 2007.
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FIGURE 2-16 Top 4, 8, and 20 firm
ms’ share of U.S.
U grocery store sales, 1992-2013.
SOURCE
E: ERS, 2014ff.
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A centraal financial ex
xchange wheree people can trade
t
standardiized futures coontracts, that is, a contract to buy
specific qu
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ommodity at a specified
s
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exchanges have eliminated the risk of default, making futures markets an attractive way to hedge
or unload unwanted price risks.
Changes in Food Prices
Food prices are a function of the interaction of supply and demand, which are, in turn,
functions of major drivers involving bioavailability (land and climate), income of both producers
and consumers, the productivity (efficiency) of crop and livestock production, and the growth in
population. On the supply side, crop production and productivity respond to technology (e.g.,
seed, fertilizer, and capital equipment) as well as the availability of land. The more efficient the
production is (more output per acre of land), the lower the price of the commodity. The caveat on
this price is that the productive units (e.g., farmers, processors, and distribution companies) must
cover at least their average variable costs and provide a margin for profit. If the prices that these
suppliers can receive in the market are less than their costs, they will go out of business. Public
policy that encourages more crop production can act to decrease the costs and therefore the price
(corn and soybeans) or decrease competition and increase the price (sugar). Increased demand for
the crops and livestock will increase the price when demand exceeds the supply.
On the demand side, consumer income, population growth, and changing tastes and
preferences influence food demand. The willingness to pay for more or better quality food rises as
income rises. The feedback loop from consumer markets is critical to informing food producers
all along the supply chain about the quantity and quality of food that will sell on the market.
Heterogeneous consumer tastes and lifestyles heavily influence the types of food that are
demanded in the market. As incomes rise in low- to middle-income populations globally,
consumers demand more animal protein and the raising of more livestock demands greater crop
production and generally higher prices. The demand for animal feed is a driver for increased crop
production, yet as crop production becomes more efficient, the price per bushel can actually drop.
In addition, the demand for crops used to produce fuel or other non-food products incents greater
supply at higher prices, which also increases the price of the commodity used for food.
An important point to understand is that the consumer of raw agricultural commodities is
generally not the final consumer, but the supply chain customer (e.g., processor/manufacturer,
wholesaler, or retailer). These agents provide the feedback from final consumers about final
demand and willingness-to-pay at the retail point of sale. Retail competition plays an important
role in holding down final prices to consumers, reducing profit margins all along the supply chain.
As clearly demonstrated in Figure 2-6, the price of food is shaped by many economic sectors
beyond agricultural production. Changes in food processing, marketing, transportation,
packaging, and retail sectors now have more impact on consumer food prices than changes in
production practices or variation in farm yields and output. As the complexity of the food supply
chain increases, the price of food consumed by the public will reflect the gains from greater
production efficiencies and the costs associated with increased processing and handling. When
food choices are abundant, consumers are likely to substitute among alternatives as the relative
prices change. This price and cross-price elasticity of demand8 influences the intersection of
supply and demand and the final food price. In addition, a cycle of over- and undersupply of basic
crops and livestock occurs as farmers respond to higher and lower prices in the market. Typically,
8

Measure used in economics to show the responsiveness of the quantity demanded of a good or service to a change in
its price. It gives the percentage change in quantity demanded in response to a one percent change in price.
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FIGURE 2-17 Percenttage change in
i the annual CPI for foodd and prices foor field cropss, 1976-2012. CPI is
a measuree of the aveerage change over time in
n the prices paid by connsumers for a market bassket of
consumerr goods and services. Field
d crop prices are representted by the prroduction-weiighted averagge farm
price of co
orn, wheat, an
nd soybeans in
i the United States.
NOTE: Calculated
C
by the Economiic Research Service,
S
basedd on Bureau of Labor Staatistics and N
National
Agricultural Statistics Service data.
SOURCE
E: http://ww
ww.ers.usda.g
gov/data-prod
ducts/food-pri ce-outlook/chharts.aspx#fieeldcrop (acccessed
January 8, 2015).
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towns across the country—and gradually located supermarkets in the suburbs and away from
urban areas. Additional transformations induced by the car were quick-service restaurants and
stores with drive-through windows to speed up sales. Although the restaurant industry as a whole
steadily grew, fast-food businesses in particular exploded during the late 20th century (Jakle and
Sculle, 1999; Schlosser, 2001). More recently, a study found that the percentage of calories
consumed from fast food in adults was lower in 2007-2010 (10 percent of calories), as compared
to 2003-2006 (13 percent of calories) (Fryer and Ervin, 2013).
Although some 20th century trends have contributed to a smaller number of foods in
American diets, recent decades have seen a resurgence in diversification. The types of food
products and markets available are driven by consumer demands, as they become stimulated by
sellers (see below). Alongside commodity, convenience, and staple products, conventional food
companies have provided new offerings built around market segmentation and product
differentiation. Perhaps the most significant change in consumption patterns in the 21st century
has been remarkable growth in demand for food produced or marketed in ways that are perceived
to support the health, environmental, or social equity goals of farmers and consumers, such as
organic, free range, fair trade, local, and natural. Animal welfare concerns have encouraged the
development of free-range, cage-free, and grass-fed products. New interests, such as gluten free,
high fiber, and omega-3, have burst onto the market as a result of consumers’ desires for a
healthful diet. For example, demand for organic foods in the United States has grown at roughly
20 percent annually (ERS, 2014e). Despite potential benefits and safety protections, some
customers—especially in Europe—have expressed preferences for food products grown without
the use of genetically modified organisms (GMOs). Concurrently, new alternative food marketing
and distribution systems have emerged and grown to deliver such products, including farmers’
markets, community cooperatives, alternative restaurants, or specialized supermarkets.
The role of “risk” in the food system also has changed in response to increased consumer
attention and sensitivity to this issue. Some consumers seem to be paying more attention to
perceived risks and giving more weight in buying decisions to suspect sources, processes, or
future dangers. As per-capita incomes rise, the threshold of acceptable risk has appeared to
escalate, moving from risk reduction toward avoidance. At the same time, techniques for
detecting chemical residues or foreign substances have become more sensitive (from parts per
million to parts per billion or trillion). Although this led to the Food Quality Protection Act 9 and
effectively repealed the Delaney Clause for pesticides, it also has heightened consumer awareness
of and sensitivity to foodborne risks. As described below, government safety policies and risk
management strategies by industry (e.g., labeling and certification systems and traceability) also
have expanded substantially and become increasingly expensive.
Globalization
As indicated earlier, the U.S. food system has strong connections to the global food system.
As recently as the mid-1980s, U.S. agricultural exports and imports were valued at less than $30
billion each (ERS, 2013b). By 2012, exports were worth about $135 billion, and imports were
approaching $105 billion, more than a threefold increase for each (Flake et al., 2013). At the same

9

Food Quality Protection Act of 1996, Public Law 104-170, 104th Cong., 2nd sess. (August 3, 1996).
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time, global trade of grains, rice, oilseeds, meat, and other commodities has grown dramatically,
causing interregional interdependencies.
Global food trade also is beginning to reflect more specialization along lines of relative
resource endowments and comparative advantage. Regions with abundant land resources (e.g.,
North and South America) are shipping hundreds of millions of tons of food per year to densely
populated or resource-stressed regions (e.g., the Middle East, North Africa, and Asia) (Portnoy,
2013). Labor-intensive agricultural production, such as fruits, vegetables, aquaculture, and
horticulture, are being produced in larger amounts for domestic use and for export to labor-scarce
regions, such as the United States.
Changes in food supply and demand in other countries promise to be a major driver of
commodity prices and marketing opportunities for U.S. farmers and food processing and
distribution firms. For example, a serious problem in many countries is continuing food
insecurity, which can take the form of chronic hunger, periodic food crises, or malnutrition among
vulnerable population groups. During much of the 20th century, the drive for greater efficiency in
agricultural production yielded a steady decline in inflation-adjusted food prices. These falling
real food prices, in turn, were a major factor in reducing chronic global hunger. By contrast, rising
real commodity prices in the first decade of the 21st century has reversed this decline, and will
add as many as 600 million people to the list of the chronically hungry by 2025, if the trend
continues (Runge and Senauer, 2007). Moreover, tight supplies produced serious, temporary food
crises in 2008 and 2012, which were aggravated by market-disrupting price-control and exportcontrol policies.
The problem of food insecurity for some has been compounded by economic development
and increases in per-capita incomes, which have generated an increased preference for animal
protein in the diet. Although these dietary shifts reflect strong preferences as disposable income
rises, they also add to the challenge of feeding 9 billion people by 2050. In addition, urbanization
is proceeding at the fastest rate in human history; Africa and Asia are likely to be two thirds urban
within two decades. In addition, virtually all of the projected global population growth between
now and 2050 will occur in low-income countries, many of them already crowded. This
combination of forces will reshape the food security challenge in critical ways.
Policies
The unfolding of market forces in U.S. agriculture has always been shaped by the policies and
institutions that were developed to accomplish a wide range of public goals. The development of
local, state, and federal policies to address farm production, food safety, and other public goals
has played a pivotal role in the evolution of the current U.S. food system.
Farm Policy
Modern farm policy has its roots in the federal response to the Great Depression through the
Agricultural Adjustment Act of 1933 and its successors. A collapse in both domestic food demand
and exports had led to price-depressing surpluses. U.S. farm policy responded by supporting
prices of designated commodities at levels thought to be fairer than market prices. The main
commodities covered were grains, oilseeds, cotton, rice, and dairy, although marketing orders
came to be available for some fruits and vegetables. This quickly resulted in accumulation of
surpluses for those commodities.
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The farm policy response involved paying farmers and warehousers to store surpluses, paying
farmers to reduce their production by idling land or culling herds and paying for surplus disposal
through domestic food programs (e.g., 1964 Food Stamp Act10 and 1966 Child Nutrition Act11)
and through exports, both as food aid (e.g., Public Law 83-48012) and as subsidized commercial
sales. As costs of this strategy mounted, the Kennedy Administration conducted a farm
referendum in 1963 to see whether farmers would accept mandatory production controls
(Cochrane and Runge, 1992). When that referendum failed, farm policy began a process of
separating income supports from commodity prices in the marketplace. In the 1960s, political
support for farm programs was sustained by broadening the scope of an omnibus legislation to
include support for farmers as well as food and nutrition programs designed to address problems
and priorities of urban legislators.
The ensuing decades witnessed a sequence of policy shifts that shaped the development of the
nation’s farm and food industries. During the 1970s, rapid growth in global market opportunities
and rising commodity prices led to policy reforms to remove caps on acreage that could be
planted with particular crops. When production exceeded demand, market prices for farm
commodities were allowed to fall, which benefited food processors and consumers. Meanwhile,
federal payments were mainly used to compensate producers for the gap between the market and
a designated target price for their products. In the 1980s, efforts to renew farm programs faltered,
and environmental advocates succeeded in tying support for farmers to the expansion of programs
to incentivize conservation of soil and natural resources. By the early 1990s, the balance of farm
output and market demand appeared to be stabilizing, and a desire to reduce government
intervention in the decisions of farm producers (“freedom to farm”) led to a shift toward fixed
“direct payments” to farmers that were based on historic planting practices, rather than annual
variation in production or market prices (Gardner, 2000). This experiment was short lived, as
severe market downturns led to the restoration of price supports, emergency payments, and other
income protection programs for farmers (on top of the continued direct payment programs). Farm
policy changed course with passage of the Agricultural Act of 201413 (2014 Farm Act), which
was signed on February 7, 2014, and will remain the law until 2018. It makes major changes in
commodity programs, adds new insurance options, consolidates conservation programs, and
expands programs for specialty crops, organic farmers, bioenergy, rural development, and
beginning farmers and ranchers. Price and income support for farmers is now provided primarily
through an elaborate suite of subsidized insurance programs. The Act also eliminates the
controversial direct payments to farmers and most countercyclical price programs. Although the
law reauthorizes SNAP, it tightens the criteria for participation. The Act passed after a 2-year
delay, in part as a compromise between rural and urban interests and in part because a reversion to
so-called permanent farm law was feared to be highly disruptive.

10

The Food Stamp Act of 1964, Public Law 88-525, 88th Cong., 2nd sess. (August 31, 1964).
Child Nutrition Act of 1966, Public Law 89-642, 89th Cong., 2nd sess. (October 11, 1966).
12
Agricultural Trade Development and Assistance Act of 1954, Public Law 83-480, 83rd Cong., 2nd sess. (July 10,
1954).
13
Agricultural Act of 2014, Public Law 113-79, 113th Cong., 2nd sess. (February 7, 2014).
11
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Environmental Policies
Environmental policies are an increasingly important driver of the evolution of the U.S. food
system, particularly with respect to the practices used in production agriculture. The two lead
federal agencies responsible for writing and implementing environmental policy are the USDA
and the EPA. Traditional farm policies have tended to subsidize farm production while reducing
the risks of farming on marginal lands and drought- or flood-prone areas. These approaches have
tended to aggravate the environmental stresses that agriculture imposes on land and water
resources, and the costs of these externalities are not usually captured in the price consumers pay
for their food (Buttel, 2003b).
The USDA’s approach has focused on voluntary programs and public investments that
provide technical and financial assistance to encourage farmers to adopt practices that minimize
soil erosion and other environmental impacts. Since the 1980s, federal policy has tied receipt of
commodity payments to the adoption of conservation plans (called “conservation compliance”),
and paid farmers to retire the most environmentally sensitive lands from active production (under
the Conservation Reserve Program and the Wetland Reserve Program). Current programs also
provide cost-share incentives for adopting or maintaining environmentally sound practices under
the Environmental Quality Incentives and the Conservation Stewardship Programs. The funding
of these initiatives often has lagged behind the intent of the authorizing measures (Cochrane and
Runge, 1992). Still, some success can be appreciated in the expansion of land under restoration
initiatives, the investments in joint ventures where the USDA helps with technical assistance and
capacity building in sustainable practices, and investments in research. The 2014 Farm Act
reduced funding for the Conservation Reserve Program, consolidated conservation programs, and
linked crop insurance premium subsidies to conservation compliance.
Debates among agricultural producers, environmental groups, and rural communities in regard
to the strictness of the policies to manage animal waste by concentrated animal feeding operations
(CAFOs)14 continue. The EPA started regulating CAFOs under the Clean Water Act15 in 2003. As
with other environmental policies, national guidelines are set up by the EPA whereas the states
are charged to address specific issues and are responsible for preventing and reducing
environmental pollution. Under the National Pollutant Discharge Elimination (EPA, 2014a)
System, the EPA grants states jurisdiction to implement programs to regulate CAFOs to protect
surface water. This decentralized approach allows flexibility to respond to unique local industry
and resource conditions, but also allows standards to vary from state to state. Recently, EPA has
been asked by environmental groups to consider regulating CAFOs under the Clean Air Act,16 but
it is unclear whether their emissions exceed established statutory thresholds. In the absence of
federal rules, some local governments (notably in California, the leading agricultural producer in
the country) have adopted their own regulations to ensure agricultural operations do not affect air
quality.

14

CAFOs are agricultural enterprises where animals are confined on a small land area and feed is brought to the
animals. The EPA has delineated three categories of CAFOs, ordered in terms of capacity: large, medium, and small.
The relevant animal unit for each category varies depending on species and capacity.
15
Federal Water Pollution Control Act, Public Law 92-500, 92nd Cong., 2nd sess. (October 18, 1972).
16
The Clean Air Act, 42 U.S.C. §7401 et seq. (1970).
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Health and Safety Policies
Agriculture and food operations are subject to regulations to prevent the release of potentially
hazardous chemicals into the environment. The initial Federal Insecticide, Fungicide, and
Rodenticide Act17 sought to ensure that such chemicals performed as advertised. First passed in
1947, changes in the 1970s shifted the focus to protecting humans, including farm workers, and
wildlife from harm. The Food Quality Protection Act of 199618 heightened safety standards,
especially for infants and children, and required a complete reassessment of tolerances. Initial
guidance on appraising the toxicity of chemicals in food was published in 1949 and revised in
1982 with guidance on toxicological considerations for food additive (this guidance is called the
“Redbook” [FDA, 2007]). The Food Allergen Labeling and Consumer Protection Act19 (2004)
was enacted to ensure accurate labeling of food products relative to allergens present, as this is the
only way that consumers can avoid consuming potentially life-threatening food allergens.
Food safety policy also has focused on managing the risks from pathogen contamination.
Microbial contamination can originate on farms or food handlers and can be introduced as food is
stored, transported, or processed. Regulations to prevent and control pathogen contamination
began with the Pure Food and Drug Act of 190620 and were supplemented by a number of laws
dealing with milk (1924), shellfish (1925), and restaurants (1934), culminating in the 1938 Food,
Drug, and Cosmetic Act.21 Other important laws are the Federal Meat Inspection Act,22 the
Poultry Products Inspection Act,23 and the Egg Products Inspection Act,24 administered by the
USDA’s Food Safety and Inspection Service. In the 1960s, the Hazard Analysis Critical Control
Points (HACCP) risk-based approach to food safety was initiated, first for the U.S. space
program, but subsequently for the broader food supply. Expansion of HACCP’s preventionfocused approach for pathogens and chemical and physical hazards has expanded voluntarily
throughout many segments of the food industry. In response to significant outbreaks and
concerns, HACCP-based regulations have been introduced, including the Food and Drug
Administration’s (FDA’s) Low Acid Canned Foods regulations (1970), USDA’s Pathogen
Reduction/HACCP rule (1996), and FDA’s HACCP regulations for seafood (1999) and juice
(2001). The 2010 Food Safety Modernization Act25 (FSMA) extended this preventive strategy for
food safety to foods not covered by HACCP regulations. Other important provisions of FSMA
currently under consideration by FDA are first-time mandatory preventive controls at the farm
level and stricter controls of imported foods. FSMA also placed more responsibility on food
companies to record and report food safety issues.
FDA and USDA food safety regulations apply only to products in interstate commerce, while
food service and retail food safety considerations are managed by state and local jurisdictions.
FDA’s Food Code, updated every 2 years, provides a model for adoption by these jurisdictions.
17

Federal Insecticide, Fungicide, and Rodenticide Act, 7 U.S.C. §136 et seq. (1996).
Food Quality Protection Act of 1996, Public Law 104-70, 104th Cong., 2nd sess. (August 3, 1996).
19
Food Allergen Labeling and Consumer Protection Act of 2004, Public Law 108-282, 108th Cong., 2nd sess.
(August 2, 2004).
20
Pure Food and Drug Act of 1906, Public Law 59-384, 59th Cong., 1st sess. (June 30, 1906).
21
Federal Food, Drug, and Cosmetic Act, Public Law 75-717, 75th Cong., 3rd session (June 25, 1938).
22
Federal Meat Inspection Act, 21 U.S. Code Chapter 12 §601.
23
Poultry Products Inspection Act, Public Law 85-172, 85th Cong., 1st sess. (August 28, 1957).
24
Egg Products Inspection Act, Public Law 91-597, 91st Cong., 2nd sess. (December 29, 1970).
25
FDA Food Safety Modernization Act, Public Law 111-353, 111th Cong., 2nd sess. (January 4, 2011).
18
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This consensus-based process, managed by the Conference for Food Protection, involves
government, academic, industry, and consumer delegates and leads to science-based requirements
to minimize biological, chemical, and physical hazards in foods.
In addition to health and safety policies, two types of nutrition policies have been key drivers
of the food system. The first is the Recommended Dietary Allowances (RDAs) for key nutrients,
which were established in 1941 because of concerns about nutrition deficiencies among many
recruits during World War II. In 1989, the National Research Council published the 10th (and
last) edition of the RDAs. The Dietary Reference Intakes (DRIs), first published in 1997,
represented a new methodological approach to the development of nutrient reference standards.
The most recent edition of the DRIs was released in 2010. Developed by expert committees, they
are used to plan and assess diets for healthy people, including the standards for government
nutrition assistance programs (e.g., WIC and SNAP) and to estimate the percent of recommended
nutrients on the Nutrition Facts panel of packaged foods.
A second nutrition policy is the Dietary Guidelines for Americans (DGA), which has been
published jointly by the Department of Health and Human Services and USDA every 5 years
since 1980. The Guidelines are based on the recommendations of a panel of experts (USDA and
HHS, 2010). The DGA provides guidance about reducing consumption of foods that are believed
to increase the risk of chronic disease and increase consumption of foods that promote health. In
addition to advice for the general population, the DGA represents a statement of federal nutrition
policy and forms the basis of all federal nutrition programs.
The importance of nutrition assistance programs in relieving food insecurity cannot be
overemphasized. For example, in 2013 SNAP helped more than 47 million participants with their
food purchases each month. In 2010, it reached approximately 75 percent of eligible individuals
in a month (Rosenbaum, 2013). Other programs, such as WIC and the School Breakfast and
Lunch programs, have a similarly large impact on the ability of individuals and families to access
a nutritious diet. Fifty-one percent of infants born in the United States participate in WIC during
the first year of life (Betson et al., 2011). The National School Lunch Program serves more than
30 million children a day. The School Breakfast Program has 13.5 million participants (FNS,
2014). Many private feeding initiatives, including Feeding America and its local food banks, local
food shelves, and institutional feeding programs for the homeless, play a critical role in reducing
food insecurity.
Energy Policies
Early in the 21st century, major changes to energy policy began to affect the food system.
Prompted by concerns about dependence on oil imports and risks from climate change, the
Energy Policy Act of 200526 and the subsequent Energy Independence and Security Act of 200727
mandated the blending of renewable fuels (especially ethanol) into the national automobile fuel
supply. Associated farm policy added subsidies and tariffs to favor domestic U.S. ethanol
production. As a result, grain ethanol production quickly came to consume 40 percent of the U.S.
corn crop, though some of the by-products returned to the food system as livestock feed (see
Chapter 7, Annex 2).

26
27

Energy Policy Act of 2005, Public Law 109-58, 109th Cong., 1st sess. (August 8, 2005).
Energy Independence and Security Act of 2007, Public Law 110-140, 110th Cong., 1st sess. (December 19, 2007).

PREPUBLICATION COPY: UNCORRECTED PROOFS

Copyright © National Academy of Sciences. All rights reserved.

A Framework for Assessing Effects of the Food System

OVERVIEW OF THE U.S. FOOD SYSTEM

2-35

Other Policies
Two final broader policy arenas that continue to shape the evolution of the modern U.S. food
system have been trade and climate policies. Agricultural protection has persisted through a
number of trade-negotiating rounds, both in the United States and in key customer countries. This
is because much governmental support for agriculture is through high and protected domestic
prices rather than through direct subsidies, and it has resulted in lower exports of commodities in
which the United States has a comparative advantage (especially grains, oilseeds, and livestock
products) and lower imports of commodities in which other countries—particularly developing
countries—have a comparative advantage (e.g., sugar, seafood, and fruits and vegetables) (Josling
et al., 1996).
Climate change concerns have ushered in more attention to farming practices, as agriculture is
estimated to contribute to greenhouse gas (GHG) emissions (EPA, 2014b; IPCC, 2014;
Vermeulen et al., 2012). On the other hand, agriculture also is a potentially important carbon sink,
so its overall carbon footprint has become more important in policy debates and production and
marketing practices (Clay, 2004). Still, comprehensive national legislation to curtail GHG
emissions is just starting to be developed. Progress has been made on adaptation, however, where
the federal government has made some efforts to support local communities. For example, as part
of President Obama’s initiative to reduce methane emissions, the USDA has created seven new
“climate hubs” to help farmers adapt their operations to a changing climate. In addition, in
September 2014 Obama announced the launch of the Global Alliance for Climate Smart
Agriculture to promote solutions in agriculture that can help decrease the impact of climate
change. Future climate policy initiatives will undoubtedly be a driver of how the food system will
develop.
Technology
Technology has exerted an enormous influence on the food system, both in lifting resource
constraints and in ushering in new issues and concerns. At the production end, hybrid seeds,
synthetic fertilizers, chemical pesticides, mechanical innovations, information technologies,
genetics, bioengineering, and precision agriculture have transformed the face of conventional
farming. Together, they have continued to lift the productivity of land and labor; reduced losses to
pests, diseases, and waste; increased resilience of plants and animals to weather variations; and
produced an abundant quantity and variety of food choices. At the same time, they have given rise
to new concerns about chemical residues in foods; pollution of air, land, and, especially, water;
and worker exposure to new hazards.
Some of the most significant technological changes that have transformed production
agriculture over the past 100 years include:
• Mechanization, which freed up land from producing feed for draught animals for use to
produce food while enabling individuals to farm more land;
• Synthetic fertilizers and pesticides, which increased yields per acre and reduced losses to
pests and diseases;
• Plant and animal breeding, which increased land, feed, animal, and human productivity
and shortened time to market; and
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Information and management practices, which made agronomics and animal husbandry
increasingly science based and data driven.

At the processing and distribution levels, technology has enabled better control of pathogens
and spoilage organisms, a larger range of product offerings, the substitution of capital and
machinery for labor (especially in repetitive tasks), and the minimization of loss or waste.
Because new technologies can convey a competitive advantage to early developers or adopters,
however, they also have further facilitated industry consolidation and growth in market reach of
firms to national and international levels while resulting in dislocations of workers and
communities (see Chapter 5).
Consumption of food also has been reshaped by technologies. Packaging improvements have
prolonged the useful life of many foods. Appliances—especially the microwave—have changed
food preparation and use. Our mobile society has created huge markets for ready-to-eat and handheld items. Declining real food costs, demands for fresh (not frozen or canned) foods, and ease of
disposal have increased waste at points of consumption. Bar codes have facilitated inventory
management, but also awareness of consumer behavior, giving added impetus to some market
segmentation and product differentiation. Concentration, vertical integration,28 and inventory
management have lowered food costs and expanded choices, but also have contributed to an
environment in which obesity and other unhealthy behaviors have increased.
Modern genetic engineering techniques also have been a powerful force for change.
Genetically engineered corn and soybeans have led to the most rapid transformation of global
cropping patterns in history. In the United States, 90 percent of all cotton, corn, and soybean acres
have genetically engineered traits (Fernandez-Cornejo et al., 2014) and globally, they are planted
in 28 countries (James, 2012). From a global perspective, the Food and Agriculture Organization
acknowledges that biotechnology can be a useful tool to address the issue of food security when
applied appropriately (FAO, 2014). Potential benefits of GMO food applications include
improved nutritional value (e.g., the incorporation of the vitamin A precursor, β-carotene vitamin
A addition to rice), increased fish yield (e.g., aquaculture tilapia), and tolerance of poor
environmental conditions (e.g., drought-resistant and salt-tolerant crops). Although 60 percent of
the area planted to bioengineered seeds is in the United States and Canada, adoption in
developing countries is expanding rapidly, and 90 percent of the 14 million farmers planting
transgenic crops live in developing countries (James, 2012). This rapid adoption is driven by
higher yields and lower pesticide costs that more than offset higher seed costs, with these benefits
captured by small and large farmers alike (Raney and Pingali, 2007).
Since their first commercial introduction in 1996, the costs and benefits of genetically
engineered plants and animals have generated controversy among consumers, farmers, advocates,
and scientists. Potential risks that need to be managed include inadequate control (e.g., GMO
genes transferring to non-GMO crops), transfer of allergens, displacement of native species, and
other unpredicted issues. Some stakeholders are concerned about the emergence of super-weeds,
reliance of farmers on agrichemical inputs, reduced biodiversity, or other environmental and trade
issues (Benbrook, 2012; Garcia and Altieri, 2005; Gurian-Sherman, 2009; Liberty Beacon Staff,

28

A form of business organization in which all stages of production of a good, from the acquisition of raw materials
to the retailing of the final product, are controlled by one company.
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2013). As a result, the technology has been taken up very unevenly. For example, in the United
States, no wheat or rice is genetically modified. Globally, Western Europe has imposed strict
labeling and tracking requirements that have essentially banned products of the technology there,
while Canada, China, Brazil, and Argentina grow genetically modified crops, especially for
animal feed. Differing standards and timing of approvals for genetically-engineered products has
disrupted trade patterns and led to disputes. Overall, genetic engineering continues to struggle for
acceptance among some consumers and for additional applications, such as in animal and
aquaculture production. Past National Academy of Sciences (NAS) reports have examined these
questions, but with the limited data available at that time, the reports were only able to provide
informed advice about the potential unintended consequences on health and environment (NRC,
2000, 2002; NRC/IOM, 2004). Currently, another NAS study is being conducted to examine the
data and critically evaluate the issues.
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Social Organizations
The demand for food products is driven by consumer preferences as they are shaped by
marketing and advertising, but important social organizations also contribute to product demand
(and changes in policies). These include public and private educational institutions where many
U.S. children are first exposed to information about diet, nutrition, and health (Golden and Earp,
2012; St. Leger, 2001), as well as the extensive food advertising and marketing efforts by the food
industry (Brownell and Horgen, 2003). Changes in the structure of the family and related shifts in
the role of women in the workforce also have been important drivers of food system changes.
Social movements—historically built around issues of food safety, but more recently related to
how food is produced in the United States—have always been important drivers of change in
policy and dietary practices. Finally, changes over time in the structure and organization of the
U.S. health care industry can have significant effects on the incentives and disincentives to
consume food in particular ways.
Whether food marketing is based on the way foods are presented at a grocery store, labeling
on the food itself, or various forms of advertising, the food industry (like other industries) is
aggressive in its marketing strategies. Some of these practices have been sharply criticized. For
example, a 2006 Institute of Medicine report concluded that “food and beverage marketing
practices geared to children and youth are out of balance with healthful diets, and contribute to an
environment that puts their health at risk” (IOM, 2006, p. 10). Chandon and Wansink (2012) also
proposed that food marketing has contributed to obesity by increasing the accessibility to large
portions of inexpensive, tasty, and calorie-dense food.
Although the growth of television advertising is often thought of as the best example of using
marketing tools—for good or ill—to shape consumer preferences and values, other industry
advocacy practices also have shaped the landscape of the food system. Conventional food
production companies have pursued growth through market segmentation and new product
offerings for ever more selective tastes. Evidence also suggests that some companies have been
able to find economic advantages from offering healthy options (Cardello and Wolfson, 2013).
Social movements are important drivers of food system changes. A wide range of social and
political actors have sought to influence public policy and cultural values surrounding food. A
tradition of critical food system journalism and literature goes back at least as far as Upton
Sinclair, whose classic exposé of meat packing in Chicago led to dramatic reforms of labor law
and public health regulations (Sinclair, 1906). This interest is exemplified by groups such as the
Union of Concerned Scientists, the Center for Science in the Public Interest, and the Consumer
Federation of America; organic producers; and food system critics like Michael Pollan and Mark
Bittman. The organization of a consumer boycott and unionization of Californian farmworkers by
Cesar Chavez in the 1960s dramatically changed the ability of farm employers in the fruit and
vegetable industries to rely on poorly paid migrant workers to bring in their crops, and stimulated
changes in labor law, mechanization, and consumer awareness of the social costs of modern farm
and food production (Holmes, 2010). The long history of academic research and writing also has
contributed by raising concerns about the alignment of a market-driven food system with broader
social interests, from the health, environmental, social, and economic concerns addressed in this
report to issues such as stewardship of the oceans, climate, atmosphere, and other global
“commons.”
Many of these advocacy activities have made indelible marks on the food system.
Information, private and public organizations, and social movements have contributed to many of
the most significant changes in consumer food behaviors, public policy, industrial restructuring,
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and technological change over the past 100 years. Cooperatives, antitrust exemptions for producer
groups, and farm/commodity programs are policy-based results of such forces.
Advocacy—by industry and its critics—has played and will continue to play a pivotal role in
identifying food-related concerns, raising awareness of them, prompting research about them, and
promoting debate about them. Some of these concerns ultimately prove to be marginal or
misguided, but many of them reshape markets and technologies deployed in the food system or
policies that regulate and guide it.
CONCLUDING REMARKS
By many measures, the U.S. food system is very successful. Productivity in agriculture is high
due to mechanization, fertilizer and agrichemicals, genetic improvements, and improved
information management practices. This has resulted in a food system that is able to nourish the
majority of the population, and provide food exports to much of the rest of the world. In terms of
supporting farmers’ incomes and wealth, from its inception in the Great Depression, farm policy
has reduced volatility in farm income and food prices and raised the incomes and wealth of many
farm households and landowners (Cochrane, 1993, 2003; Gardner, 2002; Pasour and Rucker,
2005). The food system contribution to the larger economy occurs off the farm, with more than 80
cents from each consumer dollar spent on food going to a wide range of input, output, and
consumption services. The food system as a whole still provides about 10 percent of total U.S.
employment.
Recognizing these benefits and attributes, this report describes some of the health, social,
economic, and environmental effects (both positive and negative) of the U.S. food system and
their interrelationships (see Chapters 3-5). Some of the most prominent issues relate to effects on
human health, environment, climate change, food insecurity, and social and economic
inequalities, which incur social and monetary costs. As demonstrated in this chapter, the effects of
the U.S. food system reflect today’s environmental and social/institutional contexts, each of
which is constantly evolving in response to many drivers. With food demand globally projected to
increase by 70 percent in the next 40 years, the food system will continue to evolve as it responds
to new pressures and creates new issues. Although some of the health, environmental, social, and
economic effects of this evolving food system will align with efficiency, others could entail added
costs. This creates complex trade-offs that need to be teased out and understood as policy makers,
consumers, and other actors make decisions. The analytical framework, discussed in Chapter 7, is
aimed at providing tools to understand the effects, interactions, and trade-offs within the food
system.
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Part II
Effects of the U.S. Food System
What does an ideal food system accomplish? In the committee’s view, such a
system should support human health; be nutritionally adequate, affordable, and provide
accessible food for all in a manner that provides a decent living for farmers and farm
workers; and protect natural resources and animal welfare while minimizing
environmental impacts. However, the activities that take place as we produce, process,
consume, and dispose of food have positive and negative consequences in many realms
of our physical and economic system ranging from the more direct—providing nutrients
needed for life—to the more indirect ones—contributing to changes in climate. Many
individuals and organizations work on preventing or mitigating those negative
consequences; on the other hand, some of the current challenges of the food system (see
Chapter 2) may have resulted from making decisions based on siloed analyses, that is,
analyses that explore effects only in one dimension and without considering the potential
trade-offs. Better, informed decisions about interventions and possibly with fewer
unintended consequences will be made if critical effects and trade-offs in various
dimensions are first considered.
This report is intended to provide a framework for analyzing the health,
environmental, social, and economic effects of the food system. To develop such a
framework and illustrate issues it might need to address, the committee concluded that
food system effects need to be examined in these varied domains. As described in
Chapter 2, the food system is composed of many actors and processes; it is dynamic and
circular (i.e., that is, it is affected by interactions and loops) rather than linear; it affects
populations in different ways; and the effects themselves can be acute and long term.
There are interconnected markets that function (and result in impacts) at global, national,
regional, and local levels. All these features contribute to various challenges such as
establishing boundaries, attributing cause and effect, and identifying mechanistic
pathways of effects.
Part II is written as a background piece with brief descriptions of selected effects and
complexities; for those selected, no systematic review of their potential associations with
the food system was conducted. The chapter describes some complexities of the food
system both conceptually and with examples. However, the connections to labor markets
and social structures that have significant behavioral, social, and economic effects were
not explored in detail. From this background piece, then, the reader should not imply any
causality with the food system, but rather potential associations. Also, although the
committee recognizes that the U.S. food system has extensive and important connections
to the global food system, the potential effects on other countries are not discussed.
Finally, the chapters do not suggest (or even explore) alternative interventions to
minimize any negative consequence or trade-off of current configurations.
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In addition to highlighting some potential health (Chapter 5), environmental (Chapter
6), social (Chapter 7), and economic effects (Chapter 7) that arise as we produce, process,
consume, and dispose of food, the chapters provides a brief summary of some
methodologies that are used to identify and measure those effects. The introduction to
each chapter aims to help the reader understand how the committee has categorized the
effects in the health, environmental, social, and economic domains (e.g., food insecurity
could be categorized as a health, social, or economic effect, but it has been included in
Chapter 7 as a social and economic effect).
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Health Effects of the U.S. Food System

This chapter describes health effects that are associated with the food system. It does not
attempt to be comprehensive, but rather reviews some of the most salient health effects affecting
the U.S. population, their prevalence, and some potential causes. Important health effects
resulting from exposure of the general population to environmental pollutants that are associated
with food and agricultural operations also are included. Additionally, health effects of agriculture
and food workers that are independent of food consumption are described in Chapter 5, where
other health effects for this particular population are presented. Although the chapter focuses on
health effects as primary outcomes, it also emphasizes that health effects are rarely independent
of social and environmental effects; examples of trade-offs, interactions, and other complexities
that are inherent in the current food system are briefly mentioned. Finally, the chapter points to
important challenges encountered when measuring health outcomes and establishing associations
with the food system. A list of selected data, metrics, and methodologies to measure health
effects are in Tables B-1 through B-4 in Appendix B. The committee did not attempt to estimate
non-market economic values for health effects.
THE FOOD SYSTEM AND HEALTH EFFECTS
The federal government invests resources to achieve certain public health goals. It monitors
dietary patterns, nutrient intakes, and nutrition status indicators to promote human health and
prevent chronic disease. It also encourages individuals to consume diets that promote health and
prevent chronic disease by funding nutrition research and disseminating evidence-based nutrition
information and guidelines, including the Dietary Guidelines for Americans (DGA) (USDA and
HHS, 2010a) and the Dietary Reference Intakes (DRIs1) (IOM, 2014). Federal government
1

DRIs are nutrient intake standards for healthy individuals. The Estimated Average Requirement (EAR) is the
average daily nutrient intake level estimated to meet the requirement of half of the healthy individuals in a particular
life stage and gender group; the Recommended Daily Allowance is the average daily nutrient intake level sufficient
to meet the nutrient requirement of about 97-98 percent of the population in a particular life stage and gender group;
the Upper Level is the highest level of daily nutrient intake for which there are no adverse health consequences in
the population; and an Adequate Intake is established when insufficient data are available to establish an EAR and it
is based on observed or experimentally determined approximations of nutrient intake by a group of healthy people
that are assumed to be adequate.

PREPUBLICATION COPY: UNCORRECTED PROOFS
3-1
Copyright © National Academy of Sciences. All rights reserved.

A Framework for Assessing Effects of the Food System

3-2

A FRAMEWORK FOR ASSESSING THE FOOD SYSTEM

resources also are invested in understanding acute disease associated with microbial or chemical
foodborne illness. Regulations, warnings, and recommendations are issued to reduce the risks of
foodborne illness and to protect the public’s health.
Dietary practices in the United States are driven in part by consumer demands and
preferences, influenced by culture, cost, taste, and convenience and by industry advertising and
marketing practices (Hawkes, 2009; Popkin, 2011; Stuckler and Nestle, 2012). As Chapter 5
describes, the most profitable food production sectors are snack food producers, as opposed to
producers of healthier alternatives. The unbalanced promotion of fewer nutritious products and
their lower cost can influence dietary practices negatively (see below, e.g., on the association
between marketing to children and obesity). Other drivers, such as policies, technology, and
market forces, indirectly affect dietary practices by influencing food cost, preference formation,
or accessibility (see Chapter 2). Market forces, including consumer demand, do not always
support dietary practices that are consistent with public health nutrition recommendations, such
as the DGA, and their associated public health goals (e.g., reducing chronic disease risk and
micronutrient deficiencies). For example, current consumption of fruits and vegetables is well
below recommended levels.
In some cases, interventions have been implemented to change food consumption patterns or
alter the composition of consumed foods to achieve public health goals (see Box 3-1). These
interventions include nutrient fortification regulations when common dietary practices fail to
provide an adequate level of intake of a particular nutrient, and food assistance and nutritioneducation programs that promote healthy diet planning and food preparation practices. In the
absence of federal action, local governments have proposed policies to improve dietary practices
by banning trans fats (Assaf, 2014), requiring menu labeling (Rutkow et al., 2008), or taxing or
limiting the size of sugar-sweetened beverages (Mariner and Annas, 2013). Likewise, the federal
government regulates food safety. Food safety is not considered a competitive advantage by the
food industry in the United States. Thus, significant food safety advances are pioneered by
industry as a whole and shared and adopted among companies.
Sometimes public health problems generated by market forces are not so easily corrected.
This can occur when the relationships among causes and effects are not clear and therefore
solutions are not easily identified. In other cases, potential interventions to promote health, such
as proposed taxes on sugar-sweetened beverages or bans on advertising of low-nutrient foods on
children’s television programs, are rejected because the social, economic, or environmental
impacts are not viewed favorably by key actors. In still other cases, feedback loops can reinforce
a negative attribute of the food system. For example, the U.S. food system provides many lowcost, calorie-dense foods, which leads to an abundance of calories in the food supply, but also to
an increased likelihood of excessive calorie consumption, overweight, and obesity (Hawkes,
2009). This excessive consumption might be perceived as a need for higher production. At the
same time, policies that subsidize a narrow number of commodities can increase calories in the
food system at the expense of dietary diversity, leading to lower micronutrient intakes (Pingali,
2012).
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BOX 3-1
Examples of Public Health Interventions
POLICIES
•

•
•
•
•
•
•
•
•

U.S. Department of Agriculture (USDA) nutrition assistance programs (e.g., Special
Supplemental Nutrition Program for Women, Infants and Children [WIC]; Supplemental
Nutrition Assistance Program [SNAP]; the Food Emergency Program; National School
Lunch Program; National School Breakfast Program)
Food and Drug Administration (FDA) regulations requiring nutrient fortification of certain
products
USDA Pathogen Reduction, Hazard Analysis and Critical Control Point Systems
(HACCP) regulations, which requires meat and poultry processing plants to have safety
plans to prevent contamination
Food Safety Modernization Act, which mandates the FDA to write policy to improve food
safety management
FDA Food Allergen Labeling and Consumer Protection Act, which informs consumers
about allergens in foods
FDA Food Code, a model of food safety regulations that state and local governments
can adopt for the food retail and service industries
FDA guidance with recommendations on the use of antimicrobials in foods (an attempt
to voluntarily scale back the use of antibiotics in livestock) (FDA, 2013)
FDA Nutrition Labeling and Education Act, which provides for the Nutrition Facts label to
inform consumers about the nutrient content of packaged food products
Competitive school foods rules as part of the Healthy, Hunger-Free Kids Act of 2010
(Public Law 111-296)

VOLUNTARY PROGRAMS
•
•

Industry-driven food safety initiatives (e.g., Global Food Safety Initiative, HACCP
implementation before regulatory requirements, environmental monitoring for Listeria
monocytogenes and other emerging pathogens)
Food Allergy Research and Resource Program (industry-supported research and
education)

EDUCATION EFFORTS
•
•
•
•
•
•
•

Nutritional information on the front of the product package to inform consumers about
salient benefits of the products
Educational campaigns, such as the White House’s Let’s Move, which aims at improving
the health of children and has nutrition as one of its core components
Food safety education to consumers, such as the website foodsafety.com, established
by the Centers for Disease Control and Prevention, FDA, and USDA
Trade association food safety education on Listeria environmental monitoring and
controls
Nutrition education provided by USDA on the Dietary Guidelines for Americans (e.g.,
ChooseMyPlate.gov)
State nutrition education standards, benchmarks, or expectations
SNAP-Ed, administered by USDA with the goal of improving the food decisions of
persons eligible for the SNAP program.
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Total alignment between market forces and public health goals for the general population, in
fact, may not be possible. Population heterogeneity, including genetic, ethnic, life stage, and
cultural groups, results in differing food preferences and needs among individuals within a
population. Therefore, solutions increasingly may require targeted interventions and
recommendations. Salient examples include susceptibility of individuals to food allergens, or
genetic and life-stage differences that affect nutrient requirements (Solis et al., 2008; Stover,
2006) (see folic acid fortification as an example below). Sometimes, consumer food preferences
are not aligned with public health goals. For example, some groups within the population may
have food beliefs that promote risky behavior, such as the consumption of raw milk despite the
increased risk of foodborne illness. Unpasteurized dairy products were found to be 150 times
more likely to cause illness than pasteurized products based on the total volume of products sold
in the U.S. marketplace (Langer et al., 2012). Cost, convenience, or taste can lead to dietary
patterns that do not support public health goals (see also Chapter 5).
Trade-offs occur when a particular food source simultaneously promotes health (e.g., fish,
which contains healthful omega-3 fatty acids) but carries health risks (e.g., fish also may contain
harmful levels of methylmercury) (IOM, 2006b). Trade-offs also occur when beneficial public
health outcomes come at the expense of beneficial social, economic, or environmental outcomes.
For example, meeting dietary omega-3 recommendations by consuming ocean fish has the
potential to deplete fish stocks, a detrimental environmental outcome (Venegas-Caleron et al.,
2010). Greenhouse gas emissions are similarly influenced by the architecture of the food system,
including the balance between vegetable production and animal protein production (Macdiarmid
et al., 2012). Achieving human health outcomes and reducing hunger may encourage labor and
immigration policies that help maintain low food prices, which can be beneficial for the general
population but carries social and economic inequalities. In other cases, social effects can create
negative feedback loops across the dimensions of the food system, magnifying social and
economic inequities, which in turn lead to health inequities. For example, some neighborhoods
are characterized by blight, crime, and disorder that can impede access to goods and services,
including healthy food. The resulting negative health consequences of poor dietary practices may
reinforce poverty and disadvantage among the affected populations (Bader et al., 2010).
Food system interventions are more likely to succeed if they are informed by an
understanding of the intrinsic dynamics associated with public health, environmental, and social
and economic outcomes, and an appreciation that their interactions are non-linear and not always
readily predicted. Maintaining alignment of the beneficial effects in all these domains of the food
system requires ongoing monitoring and evaluation of important health, environmental, social,
and economic indicators, and implementation of interventions at key leverage points in the
system that correct misalignments and limit the impact of trade-offs.
POTENTIAL SPECIFIC HEALTH EFFECTS OF THE FOOD SYSTEM
In the United States and in most western countries, poor dietary patterns make the greatest
contribution to the burden of non-communicable disease (see Figure 3-1) (IHME, 2013).
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FIGURE 3-1 Heat map
m of the top
t risk facto
ors that contrribute to thee burden of nnon-communiicable
diseases in western countries.
c
Th
he major dieetary risks arre low consuumption of fruit, nuts, sseeds,
vegetables, and wholee grains and elevated
e
intak
kes of sodium
m, fat, processsed meats, aand trans fatss. The
colors and
d numbers designate the raanking based on number off risk factors, with red reprresenting couuntries
with higher number off risk factors for
f a particular disease an d therefore hhigher in the rrank. A breakkdown
of dietary
y risks can be found at http://vizhub.heallthdata.org/gbbd-compare. ((accessed Jannuary 8, 2015).
SOURCE
E: IHME, 2013. Reprinted with
w permissiion from the IInstitute for H
Health Metriccs and Evaluattion.

The primary dieet-related rissks to diseaase of the ccurrent food system aree related to food
overconssumption, an
nd contributte to the ettiology of s everal leadiing causes of mortalityy and
morbidity
y, including
g cardiovascular diseasee (CVD), typ
ype 2 diabettes, cancer, and osteopoorosis
(CDC, 20
013b). Nutriient deficiencies and foo
odborne illneess also conttribute to dieet-related dissease.
Figure 3-2 presents age-adjusted
d death rates for severaal chronic diiseases2 in tthe United S
States
between 2000 and 20
010 (CDC/N
NCHS, 2014aa).

2

Chronic disease, as deefined by the U.S.
U National Center for Heealth Statisticss, is a disease lasting 3 monnths or
longer. Ab
bout one fourtth of people with
w
chronic conditions
c
havve one or morre daily activity limitations,, often
understood
d as a hindrance or inability to
o perform majo
or activities in one’s life.
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FIGURE 3-2 Age-adjjusted death rates
r
for selected causes oof death for aall ages, by ssex: United S
States,
2000-2010.
NOTE: Cause of death
h is coded according to ICD
D-10.
SOURCE
E: CDC/NCHS
S, 2014a.

Thesee diseases, together with
w
their risk
r
factors,, including obesity, hyypertension,, and
hypercho
olesterolemiaa, account fo
or significan
nt medical annd productivvity costs, aand exact a hheavy
toll on quality
q
of life in the United
U
Statess. The Centeers for Diseease Control and Preveention
(CDC) estimates thaat 75 percentt of our heallth care dolllars are usedd to treat preeventable chhronic
t burden oof cardiovasscular diseaase in the U
United
diseases and conditiions. One estimate of the
States iss more than
n $300 billlion each year,
y
includding the coost of healtth care servvices,
medicatio
ons, and lostt productivitty (Go et al., 2014). In 22012, the tottal burden off diabetes tyypes 1
and 2 waas estimated to be $245 billion,
b
inclu
uding hospitaal inpatient ccare, medicaations, and looss of
productiv
vity (ADA, 2013).
2
In 2008, it was esstimated thatt obesity cosst the U.S. hhealth care syystem
around $147 billion (or 9.1 percent of annuaal medical sppending) forr treatment oof obesity-reelated
disorderss, such as typ
pe 2 diabetess (Finkelstein et al., 20099).
A discussion off five broad
d categories of health outcomes oof the food system follows,
including
g; (1) obesitty; (2) chron
nic diseases (e.g., hyperrtension, CV
VD, and typee 2 diabetes); (3)
malnutrittion (e.g., du
ue to micron
nutrient deficciencies); (44) microbioloogical foodbborne illnesss; and
(5) chem
mical foodborrne illness.
Obesity
The dynamics
d
off the U.S. food
f
system have createed an abunddant food suupply, whichh has
reduced hunger, butt also plays an importan
nt role in oour current oobesity epiddemic. Obesity is
classified
d as a diseasse by the Am
merican Med
dical Associaation, and it is also a risk factor for other
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common chronic diseeases, such as
a CVD, typ
pe 2 diabetess, certain canncers, osteoaarthritis, liveer and
gall bladder disease, and others (Dagenais
(
ett al., 2005; I OM, 2005; M
Malnick andd Knobler, 22006).
Obesity results
r
from
m complex in
nteractions among
a
behav
avioral, geneetic, and envvironment faactors
(i.e., env
vironments for
fo physical activity, foo
od and beverrage, health care, work, and school) that
influencee what we eat throughou
ut life. Ultim
mately, obessity is the result of habittually consuuming
more eneergy than is expended
e
an
nd the develo
opment of exxcess adiposse tissue.
The National Health
H
and Nutrition
N
Examination
E
Survey (N
NHANES; ssee below uunder
Methodo
ologies to Measure
M
Heaalth Outcom
mes and alsoo Appendixx B, Table B
B-3) tracks U.S.
civilians in terms of health
h
statuss and self-rep
ported dietarry intake. Daata from NH
HANES show
w that
in the peeriod 2011-2
2012, 35.1 percent
p
of U.S.
U adults w
were consideered obese (bbody mass iindex
[BMI] ≥3
30), while an
a additionall 33.9 percen
nt were connsidered overrweight (BM
MI ≥25) (Fryyar et
al., 2014
4). The totall prevalence of obesity among adullts ages 20 and older steadily increeased
from 196
60-1962 to 2011-2012,
2
from
f
10.7 to
o 33.9 perceent for men and 15.8 to 36.6 percennt for
women (Fryar et al., 2014) (see Figure
F
3-3).

FIGURE 3-3 Trends in adult overw
weight, obesiity, and extrem
me obesity am
mong men annd women ageed 2074: United
d States, seleccted years 1960-1962 throu
ugh 2011-20112.
NOTES: Age-adjusted
A
d by the directt method to th
he year 2000 U
U.S. Census B
Bureau estim
mates using age
groups 20
0-39, 40-59, and
a 60-74. Preegnant femalees were excluuded. Overweiight is body m
mass index (B
BMI)
of 25 or greater
g
but less than 30; obesity is BMI greater
g
than oor equal to 300; and extremee obesity is B
BMI
greater thaan or equal to
o 40.
SOURCE
E: Fryar et al., 2014 with daata from: Cen
nters for Dis ease Control and Prevenntion/Nationaal
Center forr Health Statistics, Nationaal Health Exaamination Surrvey 1960-19662; and Natioonal Health annd
Nutrition Examination Surveys 1971-1974, 1976
6-1980, 1988--1994, 1999-22000, 2001-20002, 2003-20004,
2005-2006, 2007-2008
8, 2009-2010, and 2011-20
012.
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FIGURE 3-4 Percentaage overweig
ght and obesity
y (x-axis, boddy mass indexx greater thann or equal to 225) by
age (y-axiis) and sex in the United States, 2013.
SOURCE
ES IMHE, 201
14; Ng et al., 2014. Reprinted with perm
mission from tthe Institute ffor Health Meetrics
and Evalu
uation.

In 20
009-2010, about
a
18 perrcent of children olderr than age 5 had obesiity, a signifficant
increase since 1976-1980, when the prevalen
nce was aboout 5 percennt (Fryar et aal., 2012). R
Recent
data from
m the Institu
ute for Health Metrics and
a Evaluatiion (http://vvizhub.healthhdata.org/obesity.
(accessed
d January 8,, 2015)) sho
ow that overrweight andd obesity am
mong youth ages 10 to 14 in
2013 wass 38 percentt, and 18 perrcent in child
dren ages 1 tto 4 (Figuree 3-4), suggeesting a flatteening
of the ob
besity rate for children. A recent articcle documennted that thiss flattening oof obesity grrowth
is true fo
or high- inco
ome categoriies, but mask
ks continuedd growth in obesity rate in lower income
groups (F
Frederick et al., 2014).
Obesity prevalence varies by
y population, and dispropportionately affects certaain race,
ethnicity, and incomee groups. Th
he CDC repo
orts that 49.55 percent of nnon-Hispaniic Blacks, 399.1
percent of
o Hispanics,, and 34.3 peercent of non
n-Hispanic w
whites had oobesity (Fleggal et al., 20112).
From 200
05 to 2008, the
t prevalen
nce of obesity
y was 42 perrcent amongg women below the federral
poverty level,
l
compaared to 32.9 percent
p
among women aabove 130 peercent of thee poverty levvel.
Obesity: A Complex Etiology
E
The reasons for the marked
d increase in
i the rates of obesity in the U.S
S. populationn are
complex and due to the interactiion of many factors. Som
me evidencee suggests thhat specific ggenes
convey a higher risk for obesity if
i expressed (den Hoed eet al., 2010; Dina et al., 2007; Frayliing et
al., 2007). Leibel (20
008) has argued that these genes actt primarily oon the centraal nervous syystem
and affecct both the co
onscious and
d unconsciou
us aspects off food intakee and energyy expenditurre. He
then posstulated that no regulato
ory gene accting alone or with othhers can expplain the risk of
becoming
g obese in part
p becausee its expresssion dependss so much oon the interaaction with other
genes as well as with the food environmen
nt. Althoughh it is virtuaally impossiible that a m
major
genetic change
c
has occurred
o
in th
he U.S. popu
ulation in thee past 30 to 40 years, geenes can sennsitize
individuaals to obessity in obeesity-promoting (obesoggenic) enviironments. Therefore m
much
attention has been giiven to the food
f
environ
nment in an effort to unnderstand thee dramatic riise in
obesity.
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FIGURE 3-5 Availablle calories per capita
c
per day, overweight, aand number of llarge size portiions introducedd.
1The line for
f overweightt includes both the percentagee of overweighht and obesity.
2 Not correected for lossess in processing
g and waste.
SOURCE: Nestle and Neesheim, 2012. Reprinted
R
with
h permission froom Universityy of California P
Press.

Westterterp and Speakman
S
(2
2008) have argued that Americans have not beecome less aactive
during th
he period when
w
obesity
y was rising
g at a rapidd rate, but oothers have found otherrwise
(Archer et al., 2013
3; Church ett al., 2011).. There is nno consensuus at this tim
me regarding the
utions of dieet and physsical activityy to obesityy in populattions.
individuaal quantitatiive contribu
Increasess in the obessity rate in th
he United States since tthe 1980s, hhowever, havve coincidedd with
substantiial changes in the availlability of fo
ood, food coonsumption,, and the foood environm
ment.
These ch
hanges, in turrn, are driven
n by an evollution in techhnology, agrricultural policies, markeeting,
and consumer life sty
yles. The callories (not co
orrected for losses in proocessing andd waste) avaiilable
pply remaineed relatively
y constant at about 3,3000 calories pper day from
m the
in the U.S. food sup
00s until the early 1980ss. Available calories thenn rose to aboout 3,900 caalories per daay by
early 190
the year 2000
2
(Figuree 3-5).
Reseaarchers havee suggested
d a number of potentiaal pathways by which iincreased caalorie
levels in the food sup
pply have traanslated into
o rising obessity rates. Foor example, iindividual sttudies
ysis have fo
ound strong associationns between eating an excess amouunt of
and systeematic analy
sugar and
d weight gain (de Ruyteer et al., 201
12; Ebbelingg et al., 2012; Malik et al., 2013; P
PerezMorales et al., 2013; USDA and HHS, 2010b
b). In additioon, the U.S. Departmentt of Agricultture’s
S
has found
fo
evidennce that eatinng one meal away from hhome
(USDA’ss) Economicc Research Service
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each week, a growing trend, translates to an annual weight of 2 extra pounds each year or 134
calories/day (Todd et al., 2010). Others have hypothesized that the trend to consume foods away
from home, combined with the increases in portion sizes in food eaten away from home (Young
and Nestle, 2007), is a potential reason for the parallel increase in average weight of the U.S.
population.
A number of studies have explored how increased portion size increases caloric intake and
food waste. In one study, participants consumed 30 percent more energy at lunch when offered
the largest portion of food than when offered the smallest portion. This response to the variations
in portion size was the same, regardless of who determined the amount of food on the plate,
investigators or the subject (Rolls et al., 2002). Another study found that moviegoers ate more
popcorn if randomly given a large container than a smaller one, even those subjects who reported
not liking the popcorn (Wansink and Park, 2001). Further evidence of the influence of portion
sizes on intake was found in a study of self-refilling soup bowls, in which participants
unknowingly eating from self-refilling soup bowls ate 73 percent more soup than did those
eating from normal bowls. The study authors suggest that, without visual cues, people are less
able to self-monitor their intake (Wansink et al., 2005).
Price and preference formation also play an important role in household food purchasing, and
thus in food consumption. Wilde et al. (2012) examined the relationship of food prices and the
obesity epidemic and found support for the “food price hypothesis,” which postulates that low
prices of energy-dense foods relative to the price of less energy-dense foods leads to a higher risk
of obesity. Evidence also suggests that marketing strategies to children contribute to an increased
consumption of calorie-dense food. Based on evidence about industry’s practices, mainly
television advertising, and a systematic review of the relationship between those practices and
health, the Institute of Medicine (IOM) report Food Marketing to Children and Youth: Threat or
Opportunity? concluded that food and beverage marketing practices to children and youth are
out of balance with healthful diets and contribute to food environments that put their health at
risk (IOM, 2006a). Chandon and Wansink (2012) have proposed that food marketing has
contributed to obesity by increasing the accessibility of bigger portions of inexpensive and
calorie-dense food. They proposed that food marketers could continue to maintain profits by
offering healthy foods to the consumer by altering marketing strategies. The evidence to support
linkages among other aspects of food system dynamics and obesity is less clear. For example, the
association between access to supermarkets and obesity is not entirely clear (Wilde et al., 2012).
Because of the complex etiology of obesity, that is, obesity is affected by many elements of
the food system as well as other causes, reversing the rise in obesity in the United States does not
have a simple solution. Several IOM reports that have analyzed the literature on evidence for
contributors to obesity recommend a variety of strategies to make progress in obesity prevention,
highlighting actions within the food and beverage environment as one salient strategy (IOM,
2005, 2012). One of these reports, Accelerating Progress in Obesity Prevention: Solving the
Weight of the Nation (IOM, 2012) recommended a set of goals to deal with the rising prevalence
of obesity in this country. These include interventions such as making physical activity a routine
part of life, creating food and beverage environments in which healthy food and beverage
options are the routine easy choice, and transforming messages about physical activity and
nutrition, among others. These measures would have profound effects on the food system, the
physical environment, and the socioeconomic aspects of life in the United States if they were
fully implemented. The discourse about solutions is often dominated by arguments about choice,
reflecting the often-contentious social and political environment surrounding food.
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Chronic Disease
Evidence supporting the relationships among diet and risk of chronic diseases has been
graded and summarized in numerous reports and data resources (e.g., the USDA’s Nutrition
Evidence Library [NEL, 2014a], World Cancer Research Fund/American Institute for Cancer
Research Diet and Cancer Report [WCRF/AICR, 2007], American College of Cardiology and
American Heart Association [Eckel et al., 2014; Jensen et al., 2014]). The conclusions presented
here are from the USDA’s Nutrition Evidence Library, which grades the strength of evidence
supporting an association among diet and health or disease as “strong” or “moderate” or
“limited.”
For CVD, strong and consistent evidence demonstrates that dietary patterns rich in fruits,
vegetables, whole grains, nuts, legumes, low-fat dairy, fish, and unsaturated oils, and low in red
and processed meat, saturated fat, sodium, and sugar-sweetened foods and drinks, are associated
with decreased risk of fatal and non-fatal CVD (USDA, 2014). Consistent evidence also shows
that vegetable and fruit intakes are inversely related to the incidence of myocardial infarction and
stroke, with significantly larger positive effects when intakes are greater than five servings per
day. Moderate evidence suggests that the intake of milk products and whole grains is inversely
associated with CVD and that two servings per week of seafood containing omega-3 fatty acids
is associated with lower cardiovascular mortality (NEL, 2014a).
Hypertension is a major risk factor for CVD and a condition that affects 29.1 percent of U.S.
adults ages 18 and older (Nwankwo et al., 2013). Strong evidence among adults, and moderate
evidence among children from birth to age 18, indicates that higher sodium intakes are
associated with increased blood pressure. Conversely, considerable evidence shows that higher
potassium intakes are associated with decreased blood pressure. Increased intakes of low-fat
milk products and vegetable protein also are linked to lower blood pressure.
Strong evidence demonstrates that body fatness increases the risk of several cancers,
including esophageal, pancreatic, colorectal, post-menopausal breast, endometrial, and renal. In
addition, convincing evidence supports an increased risk of colorectal cancer with red and
processed meat intakes and of liver cancer with aflatoxin intakes. Evidence also suggests that
diets rich in dietary fiber, non-starchy vegetables, and fruits are protective for a number of
cancers (NEL, 2014a).
Diet is a factor in type 2 diabetes, a major chronic disease that also is an independent risk
factor for CVD. Strong evidence demonstrates that saturated fatty acid intakes are associated
with increased insulin resistance and risk of type 2 diabetes, and that a substitution of just 5
percent of saturated fats with monounsaturated fatty acids or polyunsaturated fatty acids can
improve insulin response. Furthermore, strong evidence shows that an improved lipid profile can
be achieved with the substitution of monounsaturated or polyunsaturated fatty acids for saturated
fatty acids. Moderate evidence indicates that milk and milk products are associated with a lower
incidence of type 2 diabetes (NEL, 2014a). Limited evidence suggests that whole grain intakes
also are associated with a reduced incidence of type 2 diabetes (NEL, 2014a).
Some races and ethnic populations and the poor are more likely to have chronic diseases,
some of them related to food intake (Price et al., 2013). Type 2 diabetes risk varies by race and
ethnicity and is more prevalent in non-Hispanic African Americans (19.0/100,000) than in
Hispanic Americans (6.9 and 4.8/100,000 in males and females, respectively) and non-Hispanic
whites (3.7/100,000). The disparities are likely related to multiple factors, including access to
health insurance, poverty, food insecurity, and availability of healthy and affordable food. In
2013, the CDC published a report on disparities in social and health indicators, Health
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TABLE 3-1 Age-Adjusted Rates (number of cases/100,000) for Some Chronic Diseases Among
Racial/Ethnic Groups; Data Sources and Years Vary
Coronary Heart
Obesity in
Hypertensiond
Diabetesc
b
Disease and
Females
Strokea
American Indian/Alaskan
92
Native
Asian/Pacific Islander
67.3
Asian
7.9
Black
141.3
51
11.3
41.3
86.5
11.5
27.7
Hispanice
White
117.7
31
6.8
28.6
Mexican Americans
41
27.5
Total
116.1
29.6
SOURCE: CDC, 2013a.
a
Data from 2009 National Vital Statistics Systems. Death rates per 100,000 U.S. standard population.
b
Data from National Health and Nutrition Examination Survey (NHANES) 1999-2010. Prevalence per 100
population.
c
Data from 2010 National Health Interview Survey; age-adjusted prevalence of diabetes of any duration per 100
population.
d
Data from NHANES 2007-2010 prevalence of hypertension per 100 population.
e
Persons of Hispanic ethnicity might be of any race.

Disparities and Inequalities–United States, 2013 (CDC, 2013a). Despite limitations in the data,
the report highlights the existence of inequalities that, in many cases, are increasing with time
(Table 3-1). For example, data from the 2009 National Vital Statistics System shows that Blacks
had higher age-adjusted rates of coronary heart disease (CHD) and stroke deaths than did other
racial/ethnic groups.
Notably, dietary recommendations to control obesity, type 2 diabetes, CVD, hypertension,
cancer, and osteoporosis are all remarkably similar (Krebs-Smith and Kris-Etherton, 2007;
USDA and HHS, 2010a). For more than 30 years, federal dietary guidance has urged Americans
to moderate their intakes of sodium and energy, especially from saturated fatty acids and simple
carbohydrates. At the same time, they have encouraged relatively greater consumption of fruits,
vegetables, and whole grains. The food supply is not aligned with these goals and, in spite of the
recommendations, diets for most Americans have continued to be low in such foods and
overabundant in refined grains, added sugars, saturated fats, and sodium.
Micronutrient Deficiencies
Clinical micronutrient deficiencies in the United States are uncommon, but risk of
inadequacy occurs when the intake of a particular nutrient falls below reference values, referred
to as DRIs1 (Trumbo et al., 2013). DRIs are nutrient intake standards for healthy individuals that
are based on best available scientific evidence and are reviewed regularly. The specific measures
and outcomes used to establish the Recommended Daily Allowances (RDAs) vary by nutrient,
but all relate to nutritional status or functional indicators that report on the level of nutrient intake
PREPUBLICATION COPY: UNCORRECTED PROOFS

Copyright © National Academy of Sciences. All rights reserved.

A Framework for Assessing Effects of the Food System

HEALTH EFFECTS OF THE U.S. FOOD SYSTEM

3-13

required to prevent diseases associated with a particular micronutrient deficiency, and/or to
reduce chronic disease risk (Trumbo, 2008). Nutrient requirements can vary by population
group, and the DRI process considers separate requirements for up to 22 distinct life stage and
sex groups (Kennedy and Myers, 2005).
The micronutrient status of the U.S. population can be determined by blood and urine
measures to clinical cut-offs, accomplished primarily through NHANES (see below and
Appendix B, Table B-3) or by national surveys that examine dietary intakes relative to the DRI
reference values. The Second National Report on Biochemical Indicators of Diet and Nutrition in
the U.S. Population (CDC, 2012) collected data on 58 biochemical indicators from specimens
gathered during the period of 2003-2006 as part of NHANES. The data indicated that less than
10 percent of the general population had biochemical indicators below the clinical cut-off points.
Vitamin B6, iron, and vitamin D had the most prevalent low values (see Figure 3-6). Borderline
indicators were found in young women for iodine, which is essential for normal growth and
development of the fetus. Currently, most low micronutrient values in the United States are
limited to particular population groups, and the rates vary by sex, age, and race–ethnicity. NonHispanic Blacks and Mexican Americans are more likely to be low in vitamin D and folate
(although rates of low values have decreased across all groups) compared to non-Hispanic
whites. The prevalence of iron deficiency also varies by race and ethnicity. For children, the
highest prevalence of deficiency is seen in Mexican Americans (10.9 vs. 6.7 among all 1- to 5year-old children) and, for adults, the highest prevalence deficiencies are seen in Mexican
American (13.2 vs. 9.5 among all women) and non-Hispanic Black women (16.2 vs. 9.5 among
all women).
A report from the USDA’s Agricultural Research Service examined the usual intake levels of
24 nutrients from food in 8,940 individuals using 2001-2002 NHANES data and compared these
to the Estimated Average Requirements (Moshfegh et al., 2005). The intakes of vitamins A, E,
C, and magnesium were marginally low across all population groups, whereas group-specific
low intakes were seen for vitamin B6 and adult females, zinc for older adults, and phosphorus for
young females. The latest data on phosphorus, magnesium, calcium, and vitamin D also found
low intakes of those nutrients (Moshfegh et al., 2009). In contrast to using biomarker data,
measuring micronutrient deficiency with intake data might be affected by reporting error.
The DRIs always have recognized that nutrient requirements differ by population groups,
including age, sex, and life stage (e.g., pregnancy, lactation), but evidence is increasingly
showing that requirements also are influenced by ethnicity and genetic variation (Solis et al.,
2008) as well as obesity (Damms-Machado et al., 2012). Expanding knowledge of population
heterogeneity (e.g., cultural, genetic, epigenetic, and BMI) and its impact on nutritional status
have led to the idea of “individualized nutrition” (Ohlhorst et al., 2013). Individualized nutrition
challenges intervention approaches at the population level because recommendations for one
group within the population may be inappropriate for another group.
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FIGURE 3-6 Prevaalence estimaates of nutrieent deficienccies in U.S. persons, Naational Healthh and
Nutrition Examination Survey, 2003
3-2006.
NOTE: Nutrition
N
indiccators were measured
m
in different
d
ages (e.g., age 1 y and older, age 6 y and oolder)
and popullation groupss (e.g., women
n ages 12-49
9 y, children aages 1-5 y). C
Cut-off valuees used to esttimate
prevalencce are: serum
m pyridoxal-5’-phosphate < 20 nmol/L
L, serum boddy iron < 0 mg/kg, serum
m 25hydroxyvitamin D < 30
3 nmol/L, serum ascorbiic acid < 1144, μmol/L, seerum cobalam
min < 200 pgg/mL,
serum rettinol < 20 μg
g/dL, serum alpha-tocophe
a
erol < 500 μgg/dL, and redd blood cell ffolate < 95 ngg/mL.
SOURCE
E: CDC, 2012.

Microbiologic
M
cal Foodborrne Illness
In thee United Staates, foodborrne disease su
urveillance iis collected uusing both aactive and paassive
surveillan
nce systems (see Methodologies to Measure
M
Heealth Outcom
mes below annd also Appeendix
B, Tablee B-3). The National Outbreak
O
Reeporting Sysstem (NORS
S) is a passive surveilllance
system th
hat includes outbreaks (ii.e., two or more
m
people becoming illl from eatinng the same food)
reported to the CDC
C by state public
p
health
h agencies. Data from tthe NORS iindicate thatt 831
foodborn
ne illness ou
utbreaks, 14,9
972 illnesses, 794 hospiitalizations, and 23 deatths were repported
in 2012 (CDC,
(
2014cc). Of the ou
utbreaks with
h suspected or confirmeed etiologies, 50 percent were
associateed with virusses, 42 perceent with bactteria, 7 perc ent with cheemicals and toxic agentss, and
1 percentt with parasiites. The priimary agentss involved inn confirmed illnesses weere noroviruus (50
percent) and Salmon
nella (28 perrcent). Of th
he hospitalizzations, 61 ppercent of thhe cases invoolved
Salmonellla, 13 perceent involved
d Shiga toxin
n-producing E. coli (ST
TEC), and 8 percent invoolved
noroviruss. Although the numbers of cases were
w
not as hhigh as thosee for other ppathogens, severe
disease is noted for Clostridium
m botulinum (21 illnessees, 1 death), Listeria moonocytogenees (42
illnesses,, 6 deaths), and
a mycotox
xins (21 illn
nesses, 4 deaaths). These data represeent the “tip oof the
iceberg” in that undeerreporting of
o foodbornee illness is si gnificant (FoodNet dataa from 2000--2008
estimatess 47.8 millio
on illnesses annually).
a
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The FoodNet (see below and Appendix B, Table B-3), an active surveillance program
established in 1996 to monitor diarrheal foodborne illness attributed to eight bacterial pathogens
and two parasites, provides better estimates than does NORS. Because data are normalized to the
actual population size for participating sites, FoodNet data provide the basic metric to monitor
trends from year to year. The incidence of foodborne illness associated with Salmonella,
Shigella, STEC O157, Listeria monocytogenes, Yersinia, and Cryptosporidium in 2013 (CDC,
2014b) was not significantly different from a 2006-2008 baseline, while the incidence of
Campylobacter and Vibrio increased 13 percent and 75 percent, respectively. The authors
concluded that the lack of progress in recent years calls for more interventions and suggested
possible causes. For example, the lack of progress in decreasing Salmonella infections since
2006-2008 could be due to a large outbreak associated to egg consumption in 2010, about the
time when the Egg Safety Rule was being implemented. The increased incidence of Vibrio may
be influenced by environmental and social factors. Vibrio spp. are naturally associated with a
marine environment and seafood products. Increasingly warm coastal water temperatures
provide a more favorable growth condition for Vibrio, thus increasing the risk of contamination.
A majority of Vibrio foodborne illness outbreaks are associated with consumption of raw
shellfish (Newton et al., 2012). Educational efforts to reduce consumption of these higher risk
products have not been effective (Newton et al., 2012).
FoodNet also is used as the basis for the current estimates of foodborne disease in the United
States, which considers underreporting and the burden of disease related to unrecognized
etiologies. For example, with data from 2000-2008, the CDC estimates that 47.8 million
illnesses, 127,839 hospitalizations, and 3,037 deaths related to foodborne illness occur every year
in the United States, which translate into 1 in 6 Americans becoming ill every year from
consuming contaminated food (Scallan et al., 2011a; Scallan et al., 2011b). Of these, known
pathogens account for 9.4 million of these illnesses, 56,000 hospitalizations, and 1,400 deaths
(Scallan et al., 2011a), illustrating that the burden from unknown agents is significant.
Foodborne illness estimates provided by FoodNet and NORS surveillance systems do not
capture the true cost of foodborne disease. Some foodborne infectious diseases result in chronic
sequelae, congenital disease, or death, which have an impact on productivity and quality of life.
Quality-adjusted life year (QALY) estimates have been reported for 14 foodborne pathogens
(Hoffman et al., 2012), which provide an estimate of economic and social costs of illness
associated with major foodborne pathogens. The authors estimated that the annual cost of illness
for the 14 pathogens ranged from $4.4 billion to $33 billion, and lost quality of life ranged from
19,000 to 145,000 QALYs. QALY calculations included factors for the estimated annual number
of cases and the probability and duration of adverse health state. Non-typhoidal Salmonella spp.,
Campylobacter spp., L. monocytogenes, Toxoplasma gondii, and norovirus contributed to
approximately 90 percent of the social and economic loss.
Chemical Foodborne Illness
Food risks are also related to chemicals, whether they are natural (e.g., allergens) or
contaminants (e.g., they are not expected to be present in foods). Some contaminants have been
known for many years while others are “emerging.” Examples of chemical contaminants are:
PCBs, polychlorinated dioxins/furans, methyl mercury; lead, arsenic, cadmium; aflatoxins, other
mycotoxins, marine toxins; chromium VI, other metals; polybrominated diphenyl ethers;
polyfluorinated carboxylates and sulfonates; and perchlorate.
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Only 7 percent of foodborne outbreaks reported for 2012 (CDC, 2014b) with a confirmed or
suspected etiologic agent were associated with a chemical or toxin hazard. This represented
about 1 percent of the foodborne illnesses reported. Over the longer time frame of 1998-2010
(CDC, 2013c), seafood-related agents were the most common chemical food safety issue, with
scombroid toxin/histamine (351 outbreaks), ciguatoxin (190 outbreaks), mycotoxins (18
outbreaks), and paralytic shellfish poison (13 outbreaks) identified as causing the majority of
outbreaks. Heavy metals, cleaning agents, neurotoxic shellfish poison, plant/herbal toxins,
pesticides, puffer fish tetrodotoxin, monosodium glutamate, and other chemicals and natural
toxins also were listed as causing at least one outbreak.
The effects of long exposures to low levels of chemicals through food or other environmental
routes related to food production are not routinely surveyed for the general population. The time
lag makes the identification of associations difficult, so resources are typically prioritized to
other surveillance activities that provide more accurate results. However, some studies have been
conducted in specific populations that are exposed to higher levels of agrichemical residues
through air or water, such as farmers, farm workers, or those in farming communities (see below
for farming communities and Chapter 5 for health effects in farmers and farm workers).
A number of questions related to chemicals in foods are still unresolved. State of the Science
of Endocrine Disrupting Chemicals –2012 (WHO, 2013) points out that significant uncertainty
exists regarding the potential risk of endocrine system disruption from many chemicals used in
food. In humans, the contribution of these chemicals to risk of endocrine-related diseases and
human exposure levels from food and non-food sources are not clear at this time. However, the
negative impact of persistent organic pollutants on certain wildlife populations has been
demonstrated, leading to recommendations to ban certain chemicals to reduce exposure. For
example, banning of the non-food system related pesticides DDT and tributyltin (e.g., used in
ships’ paint) demonstrated positive effects on populations of birds and mollusks, respectively.
Children and the developing fetus are more vulnerable to endocrine disruptors than are adults,
again demonstrating that health outcomes related to the food supply can differ among human
populations.
Environmental Pollutants
An important note is that in addition to food, some chemical exposures occur through air or
water. For example, residents living near Concentrated Animal Feeding Operations3 (CAFOs)
are reported to have increased incidence of respiratory distress, digestive disorders, and anxiety,
depression, and sleep disorders. Children living on farms raising swine were reported to have a
higher incidence of asthma, with increasing incidence as the size of the swine operation
increased (Donham et al., 2007). A report from the Iowa Health Sciences Research Center
(ISU/UI Study Group, 2002) concluded that the effects on residents of communities in the
vicinity of CAFOs were less definitive than for workers in the facilities, but suggested that
residents had similar respiratory symptoms and a reduced quality of life. The Iowa group went
on to conclude that CAFO air emissions constitute a public health hazard deserving of public
health precautions. Others are less convinced that health effects in communities can be attributed
to emissions from CAFOs. A review of existing studies funded by the National Soybean Board
and the National Pork Board concluded that evidence of a small increase in self-reported disease
3

Agricultural enterprises where animals are confined on a small land area and feed is brought to the animals. The
Environmental Protection Agency has delineated three categories of CAFOs, ordered in terms of capacity: large,
medium and small. The relevant animal unit for each category varies depending on species and capacity.
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in people with allergies or familial history of allergies was inconsistent (O’Connor et al., 2010).
The limitations in the quality and quantity of human health data related to CAFOs present
challenges in assessing potential trade-offs associated with large-scale animal agriculture.
Likewise, ammonia pollution from agriculture has been cited recently as a major cause of
health damage in the United States (Paulot and Jacob, 2014). Ammonia, which can enter the
atmosphere from fertilizer and from animal urine and manure, reacts with other components of
air to create particles that can affect the lungs and cause asthma attacks, bronchitis, and heart
attacks. When ammonia reacts with oxides of nitrogen and sulfur, it can form particulate matter
that is less than 2.5 microns wide, a size considered most dangerous. Long-term reductions in
particulate matter in the atmosphere have been related to increased life expectancy (Pope et al.,
2009) (see also Chapter 4, in Environmental Contaminants and Pollutants).
COMPLEXITIES ASSOCIATED WITH HEALTH EFFECTS OF THE FOOD SYSTEM
Many decisions, whether made by individuals or by society, involve trade-offs between a
specific benefit and certain risks. Comparisons are often challenging because adequate metrics
do not exist or cannot be monetized into a single metric. Other complexities can occur when an
effect implicates different populations or subgroups within populations. Although it has not been
unusual to consider health and economic trade-offs in decision-making processes with health
goals in mind, other dimensions (e.g., social, environmental) often have been overlooked. For
example, Chapter 7, Annex 1 includes a discussion on current advice for fish consumption
(based on health benefits) that do not consider environmental risks. Below are some selected
examples of trade-offs and other complexities that are inherent in the food system as it exists
today.
Different Outcomes for Different Populations
Abundant Food Supply, Food Insecurity, and Obesity
Despite an abundant food supply, some regions and populations in the United States
experience food insecurity, which ironically may contribute to obesity. Food insecurity, which in
2012 affected 15 percent of U.S. households (Coleman- Jensen et al., 2013), is categorized in this
report as a social and economic effect (a more thorough exploration of the social and economic
aspects of food insecurity can be found in Chapter 5). Food insecurity refers to those households
that report lacking sufficient resources to acquire adequate food (Nord, 2013). Low-income,
African American, and Latino households (Coleman-Jensen et al., 2013) are more likely to suffer
food insecurity than are other population groups, and they are also at the highest risk for obesity
and related illnesses such as type 2 diabetes, hypertension, and high cholesterol (Eisenmann et
al., 2011; HER, 2010). Research also has shown that food insecurity affects children’s mental
health and well-being (Alaimo et al., 2001; Whitaker et al., 2006). Food insecurity can lead to
hunger, which is associated with being sick more often and missing more work or school days
(Brown et al., 2007). Brown and colleagues estimated the total cost related to health
consequences of hunger and food insecurity to be $67 billion per year in 2005 dollars. The
authors considered the estimate to be conservative because indirect costs (i.e., non-medical costs
incurred as a result of an illness, such as missed days of work) could not be included for all
health outcomes. Thus, the true cost of hunger and food insecurity is likely much greater than
reported.
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Being food insecure may lead to weight gain because the most accessible food options for
low-income households are typically not nutrient-rich, but rather energy-dense foods (HER,
2010; Shier et al., 2012) and because food insecurity may increase an individual’s need to
depend on less nutritious foods that contain more calories but less nutritional value (Seligman
and Schillinger, 2010). Bouts of both under- and overconsumption may lead to physiologic
adaptation of increased body fat in response to episodic food shortages (CDC, 2003).
Residents of neighborhoods with higher concentrations of poverty and disadvantage often
face multiple barriers to accessing healthy and affordable food (Lopez, 2007; Ver Ploeg et al.,
2009). Moreover, households with limited resources tend to consume fewer healthful foods (e.g.,
fruits and vegetables) (Ludwig and Pollack, 2009) (see also Chapter 5). Higher socioeconomic
status (SES) adults are more likely to come from households with better nutrition, fewer health
risk behaviors, safer neighborhoods, and more economic resources (Crimmins et al., 2004).
Therefore, consideration of the health effects of the food supply should consider the role of SES
on morbidity and mortality (Marmot et al., 1991).
Different Nutritional Requirements for Different Populations: Folate
Folate is a B vitamin that is naturally present in many vegetables, nuts, beans, and fruits
(Suitor and Bailey, 2000). Individuals require folate to make DNA and therefore produce and
maintain new cells, particularly in tissues and cells that divide rapidly, such as blood cells
(Beaudin and Stover, 2009). Folate nutrition is especially important for women of reproductive
age. Clinical trials have established that folic acid intake before conception and throughout the
first trimester can prevent up to 70 percent of neural tube defects, a common class of birth
defects, which include spina bifida and anencephaly (Crider et al., 2011).
Evidence suggests that the actual requirement for folate may vary among individuals by race
and genotype. Individuals with a common polymorphism in the methylenetetrahydrofolate
reductase gene (MTHFR 677CT) metabolize folate differently than those without it. They tend
to exhibit lower red blood cell folate concentrations (Bagley and Selhub, 1998), and they are
more susceptible to low folate status and deficiency. This genetic variant is nearly absent in
individuals of African descent, but does not protect against folate deficiency when folate dietary
intake is insufficient. The gene variant is highly prevalent in Hispanic populations (Esfahani et
al., 2003). Studies indicate that the current RDA is inadequate for Mexican American men with
the MTHFR 677 TT genotype (Solis et al., 2008). Although uncommon in the general
population, other population groups may be at risk for folate deficiency: persons with celiac
disease, which decreases nutrient absorption; alcoholics; non-Hispanic Blacks; and Mexican
American adolescents (IOM, 2000; Kant and Graubard, 2012). Yet, an additional complexity is
that although some groups in the population are achieving a benefit from fortification, it has been
proposed, but not demonstrated, that others may accrue increased cancer risk (Mason, 2011).
Although currently there is no known harm (including increased cancer risk) associated with
current folic acid fortification levels, this remains an active area of research.
Interactions with Environmental, Social, or Economic Effects
Increase in Productivity Versus Exposure to Antibiotic Resistance Through Food and
Environment
Health effects of the food system are the result of direct exposures to food through
consumption or through exposure to other environmental media such as air, water, soil, or
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livestock, or through a combination of all of them during a lifetime. Attributing risk to a
particular cause creates methodological challenges, but is necessary when attempting to assess
the effects of the food system and identifying solutions. Since the early 1930s, the use of
antibiotics has intensified in human and veterinarian clinical settings, in agricultural production,
and in household products, with many benefits to patients, producers, and consumers (Allen et
al., 2013; Stanton, 2013). In animal production, antibiotics are used in disease treatment, disease
prevention, and growth promotion (Allen et al., 2013). Although this implies the economic
benefits, the widespread use of antibiotics also has led to the emergence of drug-resistant
infections, a substantial cost to human and animal health. Many questions still remain about the
causes of antibiotic resistance in agricultural applications and in the clinic, in part due to the lack
of appropriate methods to study the complexities of resistance transference. Curtailing the spread
of resistance in the absence of clear evidence or guidance from the scientific community can be
difficult, while the incidence of antibiotic resistance has been increasing (Interagency Task Force
on Antimicrobial Resistance, 2012), threatening human health and impacting animal agriculture.
In 2013 the Food and Drug Administration (FDA) began implementing a voluntary plan with
industry to phase out the use of certain antibiotics in food production (FDA, 2013). Antibiotic
resistance is presented in Chapter 7 as an illustration of the application of the committee’s
framework.
Use of Pesticides to Increase Productivity Versus Potential Health Effects
The use of pesticides in agriculture, along with other technological improvements, has led to
great achievements in agricultural productivity (Pretty, 2008). In 2010, it was estimated that
6,873,000 lbs of atrazine was used in conventional corn (the second most frequent herbicide
used, after glysophate) in Iowa (NASS, 2011). Pesticides are of concern because they may cause
both acute and long-term health and environmental effects. The use of pesticides serves as an
example of a contentious trade-off because the benefits are easily identified and quantified, but
the potential costs are elusive due to lack of methodologies to measure long-term effects of
exposure to low levels of chemicals by consumers (however, in the case of exposure by farmers,
there are documented effects; see Chapter 5). Our knowledge about the behavior of pesticides,
both their life cycle in the environment and in human metabolism after exposure, is still
evolving. Emerging questions today concern the extent to which the exposure to chemicals
during fetal and childhood development contributes to health problems later in life, such as
obesity, or the potential long-term endocrine-disrupting effects of atrazine (Vandenberg et al.,
2012).
The use of pesticides in food crops is regulated by the U.S. Environmental Protection Agency
(EPA), which uses risk assessment as a tool to help make decisions. Due to ethical
considerations, the identification of human health consequences relies mainly on animal testing4
and on human epidemiologic studies. The limitations of these experimental approaches add
scientific uncertainties to the results and controversies related to limits needed to ensure safety of
pesticides. The U.S. decision to approve use of atrazine is based on the EPA’s position that,
4

(1) acute testing (short-term exposure of a single exposure) for outcomes such as eye irritation, skin irritation, skin
sensitization, and neurotoxicity; (2) subchronic testing (intermediate exposure; repeated exposure over a longer
period of time) for outcomes such as neurotoxicity; and (3) chronic toxicity testing (long-term exposure; repeated
exposure lasting for most of the test animal’s life) for outcomes such as carcinogenicity (cancer). Developmental
and
reproductive
functions,
mutagenicity,
and
hormone
disruption
also
are
tested
(http://www.epa.gov/pesticides/factsheets/riskassess.htm).
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based on current data, atrazine is not likely to cause cancer in humans. However, uncertainties in
the data are recognized. The U.S. limits of atrazine levels in drinking water and foods are based
on the reproductive effects of atrazine (EPA, 2013). Because of new research showing
endocrine-disruptive activity at much lower levels of atrazine, the current limits are highly
debated (Cragin et al., 2011; Hayes, 2004; Hayes et al., 2002; NRDC, 2010; Rohr and McCoy,
2010; Vandenberg et al., 2012). The monitoring frequency of water also is being challenged as
there are times when atrazine concentrations have sometimes increased above the legal limits in
some communities (EPA, 2013). The effects of atrazine on human health and the environment
were due to be reviewed again in 2013 by the EPA as part of the reregistration process. No
updates were available at time of this report’s publication.
METHODOLOGIES TO MEASURE HEALTH OUTCOMES
Despite research gaps, uncertainties, or limitations in measurement and data collection,
government policies are based on the best available scientific evidence, although other factors
are considered, including feasibility, cost, impact on stakeholders, and legal considerations.
Thus, the U.S. government, companies, and other stakeholders collect economic, social,
demographic, lifestyle, as well as food, nutrition, and health data based on strategic plans and
priorities. The types of data linking foods systems to human health include indexes of food
exposure (i.e., dietary intake), indicators of nutritional status, physiological functional indicators,
and prevalence of disease. The two most common methods to quantify dietary intake of foods
include the 24-hour dietary recall and the food frequency questionnaire (Tooze et al., 2012). The
use and limitations of these methods, including measurement error, in health policy was recently
reviewed (Hébert et al., 2014). Nutritional status indicators are typically direct or surrogate blood
measurements that indicate whole-body tissue levels of a particular nutrient and require
analytical methodologies for their assessment (Rohner et al., 2014). Physiological functional
indicators of food or nutrient intake can include blood biomarkers of metabolic pathways or
other functional indicators, including blood pressure, growth, cognitive function, and physical
acuity and endurance (Rohner et al., 2014).
The most relevant health and nutrition survey is NHANES. Conducted annually from 1999
by the National Center for Health Statistics, NHANES covers a nationally representative sample
of about 5,000 persons each year. NHANES includes an interview covering demographic,
socioeconomic, dietary, and health-related questions and a physical examination that includes
measurements of anthropometrics and key biomarkers of nutritional status (CDC/NCHS, 2014b).
Among many other purposes, the data are used to assess nutritional status of the U.S. population
and to determine the prevalence of major diseases and their associated risk factors, including
nutritional status. These data are available to the research community and are also used by the
National Institutes of Health, FDA, and CDC to inform the implementation and evaluation of
nutrition policies and initiatives.
Well-established methodologies to investigate foodborne illness have been developed (e.g.,
International Association for Food Protection, 2011) and are used to better understand the burden
of foodborne disease in the United States. Previous publications provide a comprehensive
discussion of datasets, metrics, and methodologies used in this area (e.g., IOM/NRC, 2003,
2010). As described earlier in this chapter, important surveillance methods used for foodborne
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illness are the passive surveillance National Outbreak Reporting System (NORS)5 and the active
surveillance system FoodNet6 (CDC, 2014a). NORS is used by state and local health
departments to investigate foodborne illness on the local level. NORS summaries provide data on
the number of illnesses, hospitalizations, and deaths attributed to unknown, suspected, and
confirmed etiological agents (including bacteria, viruses, parasites, and chemicals) in food
products. They also include information on settings where food was eaten, attribution to specific
foods, factors contributing to contamination of the food, and settings where the food was
prepared. FoodNet (CDC, 2014a) is an active surveillance system used by the CDC to monitor
illness, from the most common to the most severe foodborne causes of diarrheal disease and viral
disease, respectively. In terms of chemical safety, no routine surveillance is conducted of
exposures to chemicals through food or other environmental routes related to food production,
although NHANES includes testing for some chemical contaminants that could be associated
with food consumption. The Adverse Event Reporting System at FDA monitors post-marketing
surveillance adverse events for FDA-regulated foods. FDA’s Total Diet Study monitors levels of
various contaminants at the retail level as an estimate of exposures to chemicals in foods.
However, the sampling level is low (from about 280 foods).
These surveillance systems also are important because they are being used in health impact
assessments (HIAs) of decisions affecting the food system. HIAs use a systematic approach to
inform decision makers of the potential positive and negative health effects of policy proposals.
Recommendations from HIAs aim to optimize beneficial health effects and minimize negative
ones (NRC, 2011). HIAs have been used to identify the broad health effects of proposed changes
to the Supplemental Nutrition Assistance Program, state-level legislation for farm-to-school and
school garden programs, and the USDA’s proposed standards for snack and á la carte foods and
beverages sold in schools (HIP, 2014). These HIAs have helped illuminate how each proposal
could be modified in advance to better support optimal health.
Tables B-1 through B-4 in Appendix B include examples of data collected on a routine basis
that relate to food safety, food and nutrient consumption, and health outcomes. The tables also
include health metrics and analytical methodologies that are often used to answer questions
regarding the health status of individuals and populations, including outcomes, contributing
factors, and confounders, intended to identify potential interventions to address public health
problems.
Challenges in Establishing Associations Between the Food System and Health Outcomes
Decision making in nutrition with respect to nutrition interventions (e.g., nutrient intake
requirements) increasingly relies on systematic reviews of the available evidence using
approaches similar to those used to evaluate medical diagnoses and treatments (Balk et al., 2007;
Blumberg et al., 2010). The evidence-based approach is used to evaluate the nature and strength
5

NORS is the primary source of information on agents involved in foodborne outbreaks. Annual summaries based
on NORS data are published periodically, including the latest summarizing information for 2009-2010
(http://www.cdc.gov/foodsafety/fdoss/data/annual-summaries/index.html); http://www.cdc.gov/nors/).
6
FoodNet, launched in 1996, is a collaborative effort with 10 state health departments (Connecticut, Georgia,
Maryland, Minnesota, New Mexico, Oregon, Tennessee and certain counties in California, Colorado, and New
York), FDA, and USDA Food Safety and Inspection Service. The information collected is used to estimate the
burden of illness caused by the bacteria Campylobacter, Listeria, Salmonella, Shiga toxin-producing Escherichia
coli, Shigella, Vibrio, and Yersinia, and the parasites Cryptosporidium and Cyclospora.
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of scientific evidence obtained from human studies relative to a hierarchy of scientific evidence
that best supports causality. Data derived from double-blinded, placebo-controlled, randomized
controlled trials serve as the gold standard, followed by cohort studies, case-control studies, case
series, case reports, and expert opinions. Other types of supporting information can also be
considered, including ecological data and data from animal studies and in vitro systems. This
approach was most recently applied in establishing the DRIs for vitamin D and calcium (IOM,
2010).
The process of systematic review involves a thorough examination and grading of published
data within an analytic framework that permits relevant and answerable questions to be posited.
The standards for this process continue to evolve, including those established by the Cochrane
Collaboration (Cochrane Collaboration, 2014), the IOM (IOM, 2011), and the USDA’s Nutrition
Evidence Library. Central to these processes is a literature review that identifies relevant studies
in a manner that is transparent and reproducible, comprehensive and unbiased, and takes into
consideration the participants involved in the study, the nature of the intervention, the
comparison groups, and the outcomes of interest. The strength of evidence is then evaluated
relative to the consistency of findings, scientific quality, and absence of confounding factors.
Similarly, limitations are evaluated, including inadequate design and/or controls, measurement
error, insufficient or irrelevant data collection, and bias, including inclusion and exclusion
criteria.
This general process for systematic reviews has been modified to incorporate the unique
characteristics of nutrition research. Because no single standard exists to evaluate nutrition
evidence, various groups have developed their own criteria and published reports. These groups
include the Agency for Healthcare Research and Quality, the Academy of Nutrition and
Dietetics, and the Dietary Guidelines for Americans Committee (DGAC). As an example, Table
3-2 shows the grading chart used by the 2010 DGAC to evaluate the strength of the body of
evidence supporting the committee’s conclusion statements. The criteria in the chart are adapted
from the American Dietetic Association Evidence Analysis Library (NEL, 2014b). The process
can be iterative depending on the available data and the need to refine or reframe the questions
posited. The available evidence can be combined (e.g., a meta-analysis) and extrapolated, and
uncertainties identified and used to inform policy making.
TABLE 3-2 Conclusion Grading Chart Used to Evaluate the Strength of the Body of Evidence
Supporting Conclusion Statements by the Dietary Guidelines for Americans Committee
Elements
Strong
Moderate
Limited
Expert Opinion Grade Not
Only
Assignable
No
No studies
Studies of weak
Studies of strong Studies of
Quality
evidence
design for answering available
strong design
design
· Scientific
Conclusion based that
the question OR
rigor and validity Free from design with minor
on usual practice, pertains to
· Study design flaws, bias, and methodological inconclusive
expert consensus, question
findings due to
concerns
execution
and execution
being
OR only studies design flaws, bias, or clinical
problems
addressed
of weaker study execution problems experience,
opinion, or
design for
extrapolation
question
from basic
research
Findings
Inconsistency Unexplained
Conclusion
Not
Consistency
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· Consistency of generally
findings across consistent in
studies
direction and size
of effect or
degree of
association, and
statistical
significance with
very minor
exceptions
One large study
Quantity
with a diverse
· Number of
population or
studies
several good· Number of
quality studies
study
Large number of
participants
subjects studied
Studies with
negative results
have sufficiently
large sample size
for adequate
statistical power
Studied outcome
Impact
· Importance of relates directly to
studied outcomes the question
· Magnitude of Size of effect is
clinically
effect
meaningful
Significant
(statistical)
difference is
large
Generalizability Studied
Generalizability population,
to population of intervention, and
interest
outcomes are free
from serious
doubts about
generalizability

3-23

among results
of studies with
strong design,
OR consistency
with minor
exceptions
across studies of
weaker design

inconsistency among supported solely applicable
results from different by statements of
informed
studies,
nutrition or
OR single study
unconfirmed by other medical
commentators
studies

Several studies
by independent
investigators
Doubts about
adequacy of
sample size to
avoid Type I
and Type II
error

Limited number of
studies
Low number of
subjects studied
and/or inadequate
sample size within
studies

Some doubt
about the
statistical or
clinical
significance of
the effect

Studied outcome is Objective data
unavailable
an intermediate
outcome or surrogate
for the true outcome
of interest
OR size of effect is
small or lacks
statistical and/or
clinical significance

Unsubstantiated
by published
research studies

Minor doubts
Serious doubts about Generalizability
about
generalizability due limited to scope
generalizability to narrow or different of experience
study population,
intervention, or
outcomes studied

Relevant
studies
have not
been done

Indicates
area for
future
research

Not
applicable

The application of the evidence-based approach to nutrition, especially in the context of food and
food systems, presents unique challenges. For example, exposures to food and nutrients are chronic and
required for life, thereby limiting the opportunity for true placebo treatments and therefore not practically
or ethically amenable to randomized controlled trials (Maki et al., 2014). Other challenges include the
long duration between an exposure and a chronic disease onset and the complex and variable composition
of foods where multiple nutrient components can often affect the outcome of interest. As a result, many
dietary recommendations are supported by the totality of evidence, with the majority of evidence being
derived from observational data. Maki et al. (2014) describe limitations often inherent to observational
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data, including imprecise exposure quantification, collinearity among dietary exposures,
displacement/substitution effects, healthy/unhealthy consumer bias, residual confounding, and effect
modification.
As discussed above, the problem of rising obesity rates presents its own challenges due to its complex
etiology. In contrast to other diseases that have declined as a result of 20th century medical advances, the
level of obesity in the United States has increased over the past several decades, perhaps due to its
relationship with broad lifestyle and social and economic changes that have occurred simultaneously. In a
review paper, Hammond (2009) found that obesity is a challenging problem to study due to several
attributes: (1) the great breadth in levels of scale involved (e.g., genes, neurobiology, psychology, family
structure and influences, social context and social norms, environment, markets, and public policy), (2)
the substantial diversity of relevant actors, and (3) the multiplicity of mechanisms implicated. He
proposed that these make the obesity problem a “complex adaptive system” and therefore, it can be
studied using modeling techniques similar to those used by the field of complexity science (see also
Chapter 6).

Challenges in Linking Foodborne Illness with Food
Although as mentioned above, methodologies to investigate foodborne illness are well
established, identifying the specific agent responsible for foodborne illness is complicated (e.g.,
etiological agents also may come from non-food sources, such as live animals, and the time
between consumption of a contaminated food and the expression of symptoms can vary from
minutes to weeks). Previous publications have commented extensively on the challenges of
current datasets and attribution methods (e.g., IOM/NRC, 2003, 2010). For example, although
the passive surveillance NORS is standardized, major limitations are the significant
underreporting of foodborne disease, frequent lack of identification of causative agent, and
exclusion of sporadic cases of illness (one individual becoming ill). To provide better national
estimates of the burden of foodborne illness, the CDC uses the active surveillance system
FoodNet. Data from FoodNet provide the basic metrics used to monitor foodborne illness trends,
to estimate the burden of disease, and to establish public health goals (e.g., in Healthy People
2020). Although data are representative of the population, a disadvantage of this surveillance
system is that substantial percentages of illnesses, hospitalizations, and deaths are attributed to
unspecified agents and they monitor only a fraction of the potential agents. CaliciNet is a
national norovirus outbreak surveillance system used by the CDC to link common sources of
norovirus outbreaks. Because norovirus is easily transmitted person to person, many illnesses
may not be foodborne.
PulseNet uses microbiological subtyping (e.g., DNA fingerprinting) of stool culture isolates
in combination with epidemiological investigations and mathematical modeling to link sporadic
cases or a cluster of cases to identify multistate outbreaks. A network of public health
laboratories in the United States uses standardized methods to track isolates; matching strains are
investigated further in an attempt to identify common sources. This methodology relies on
culture isolates to generate the DNA fingerprint. As the health care system transitions to nonculture diagnostic methods, new “fingerprinting” techniques that do not depend on bacterial
cultures will need to be developed. Risk assessment, the scientific element of a risk analysis
framework, is an important methodology used to identify and attribute risk to foods and to food
chemical and microbiological agents. Risk assessment is used by government agencies to guide
the management of chemical and microbiological contaminants. Previous National Academy of
Sciences reports provide a comprehensive description of the risk analysis framework (e.g., NRC,
2009). Formal risk assessment frameworks have evolved for both chemical and microbiological
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risks (see Table B-2). In-depth microbial risk assessments consider complexities associated with
biological systems, such as variation in individual susceptibility, non-uniformity in the
distribution of contamination, the ability of microbes to grow in food, and the potential for
person-to-person spread for certain biological agents. Thus, microbial risk assessments can be
resource intensive, presenting data gaps and uncertainties that must be articulated.
Chemical risk assessments also are resource intensive and traditionally use animal bioassays
with extrapolation to humans. Due to the increasing number of chemicals to be tested, lower
detection limits, and an urge to reduce animal testing, the merits of alternative approaches to
prioritize and evaluate chemical safety are under discussion. For example, the use of risk
assessment methodologies that could partly substitute in vitro testing for animal testing are
evolving (e.g., computational and emerging in vitro methods such as in silico and highthroughput screening). This area of research faces numerous challenges, but may decrease cost in
the future (Bialk et al., 2013; Firestone et al., 2010; Kavlock and Dix, 2010; Krewski et al.,
2010). In some cases and when data are incomplete, the Threshold of Toxicological Concern
approaches have been recommended when assessing the safety of chemicals in foods. Although
less data intensive, applicability is limited to substances that meet specific criteria (Bialk et al.,
2013; IFT, 2009).
SUMMARY
The U.S. food system supplies a wide variety of foods and sufficient calories at a low cost to
meet the needs of the U.S. population. The major diet-related diseases and conditions of the
current era in the United States are not related to nutrient inadequacy, but mostly to inappropriate
dietary patterns and overconsumption. Diet is a primary risk factor in the etiology of several
leading causes of mortality and morbidity. However, despite the presence of this plentiful food
supply, some segments of the U.S. population face issues of health, access, and food security.
Measuring those effects and identifying the mechanisms and pathways are challenging tasks
presenting complexities at various levels. For example, government agencies have established
dietary guidelines for healthy diets, but market forces (e.g., extensive advertising of unhealthy
foods along with poor advertising of healthy foods) and consumer preferences do not always
support recommended dietary practices. The etiology of many human health outcomes is
multifactorial, with dietary practices being one of multiple interacting risk factors. Health
outcomes related to the food system may vary among individuals and populations, depending on
their socioeconomic status or their individual physiology and genetics.
The diversity of the foods in the system provides resilience in maintaining nutritious food
supply without dependency on any single food or commodity. However, an appropriate variety
of food is not equally accessible to all individuals in the population, which contributes to
heterogeneity in health effects. For some foods and dietary patterns, there are both health
benefits and risks associated with their consumption, illustrating the trade-offs that are inherent
in the food system. Also, maximizing positive health effects may come at the expense of social,
economic, and environmental effects.
Understanding the health effects of the food system and its trade-offs and interactions with
the environment and social and economic domains is key to informing food system policies and
interventions. Chapter 7 provides an analytical framework where all these domains are
considered.
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Environmental Effects of the U.S. Food System

The U.S. food system (described in Chapter 2) is widely recognized to have direct and
indirect effects on the environment. The degree to which each sector of the food system affects
the environment depends on a variety of natural and human-driven processes. For example,
increased use of mineral fertilizers is responsible for much of the growth in productivity in U.S.
agriculture over the past 50 years, but also has led to negative impacts on the environment, such
as greater greenhouse gas (GHG) emissions and deterioration of water quality. GHG emissions
also can result from the burning of fossil fuels in the food manufacturing process and during food
distribution.
The ongoing intensification of agricultural production1 has had particularly notable effects on
the environment. According to the 2012 Agricultural Census, 2.1 million farms and ranches
operate in the United States, of which two-thirds sell less than $25,000 worth of livestock or
crops. In contrast, large farms (about 80,000 of them) represent only 4 percent of the total farm
population, but are responsible for two thirds of the agricultural production in the United States
today (USDA, 2014b). Intensive agricultural production has become highly efficient, which
reduces costs per unit of product (thus likely reducing costs to consumers) and can alter
environmental impacts per unit of product. For example, Capper et al. (2009) showed historic
advances in dairy production, where 2007 cows produced 43 percent less methane and 56
percent less nitrous oxide per 1 billion kilograms of milk than did 1944 cows. Similar trends
have been described for the beef sector (Capper, 2011), where the number of cattle was reduced
by 40 percent over this time span, but the total amount of beef produced remained the same
(USDA, 2014b). On the other hand, large concentrations of livestock (concentrated animal
feeding operations,2 or CAFOs) can lead to regional air and water quality issues if the animal
waste is not properly managed. CAFOs can cause nuisance and health issues for neighboring
communities, including dust, odors, flies, and gaseous emissions and therefore often face public
scrutiny. In addition, run-off from CAFOs can create food safety problems by contaminating
1

There are a variety of definitions of agricultural intensification but they all refer to increasing agricultural inputs to
improve productivity or yields of a fixed land area rather than expanding land under cultivation.
2
Concentrated animal feeding operations (CAFOs) are agricultural enterprises where animals are raised in a
confined, small land area and feed is brought to the animals. The Environmental Protection Agency has delineated
three categories of CAFOs, ordered in terms of capacity: large, medium, and small. The relevant animal unit for
each category varies depending on species and capacity.
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water or downstream
m agriculture fields with pathogens.
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in Chapteers 3 and 5, respectively
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Altho
ough the U..S. food sysstem’s impaacts on the environmennt are often undesirablee, the
current system
s
can provide en
nvironmentall benefits aas well (seee Figure 4-11 for exampples).
Benefits such as carbon seq
questration, biodiversityy conservattion, aestheetically pleeasing
landscapes, and susttained food and fiber production caan all be reealized, partiicularly wheen an
a
producers
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(R
Robertson annd Swinton, 2005; Swintton et
ecologicaal approach is used by agricultural
al., 2007; Zhang et al.,
a 2007). An
n ecologicall approach reequires actoors to not onlly recognizee how
ment choices affect thee environmeent, both teemporally aand spatiallyy, but also how
managem
managing
g the system
m for multiplle ecosystem
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ng also that trade-offs aare inevitabble (Robertson and Swiinton,
2005).

FIGURE 4-1 Examples of ecosystem services to and from aagriculture.
E: Swinton et al., 2007. Rep
printed with permission.
p
SOURCE

3

Any posiitive benefit thaat wildlife or ecosystems
e
pro
ovides to peoplle. The benefitss can be directt or indirect, sm
mall or
large.
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Agricultural producers are chiefly in business to produce food, fiber, and fuel products for
sale, but most also place a high value on ecosystem services from their farms, especially those
that offer private benefits (e.g., enhanced soil fertility and organic matter). However, many
producers believe ecosystem services that offer distant benefits (e.g., climate or water quality
regulation) are costly to provide without financial incentives and technical resources (Ma et al.,
2012; Smith and Sullivan, 2014). Understanding how actors in the food system make decisions is
important when assessing the environmental impacts of the system.
Broadly, the U.S. food system’s environmental effects can be grouped into three categories:
(1) environmental contaminants/pollutants, (2) depletion and replenishment of natural resources,
and (3) population and community disruption. In this chapter, each of these broad effects
categories is described briefly, highlighting the major environmental features and mechanisms of
each category. The chapter further discusses the dynamic nature of environmental effects,
including the importance of understanding how human behavior influences direct and indirect,
and positive and negative, impacts on the environment. The chapter concludes with a basic
overview of the various approaches used to quantify the performance of a dynamic
environmental system, including direct measurement, the use of indicators, and simulation
modeling. A comprehensive list of environmental data sources, metrics, and models commonly
employed to quantify environmental impacts is included in Tables B-1 through B-4 of Appendix
B.
CATEGORIES OF POTENTIAL ENVIRONMENTAL EFFECTS AND ASSOCIATED
MECHANISMS
Environmental Contaminants and Pollutants
The U.S. food system has seen a substantial increase in product output over the past 50 years.
Although more food is produced than ever, the current system also leads to unintended
environmental consequences depicted in the pollution life cycle shown in Figure 4-2.
Contaminants are emitted into the environment, are transported and/or transformed, and
eventually are deposited in a location where they may negatively affect human and ecosystem
health. These negative effects on human and ecosystem health are most often dealt with through
the implementation of regulations to reduce or eliminate emissions of the contaminant.
A considerable amount of effort by the scientific community has gone into determining the
identity, fate, and transport paths of environmental contaminants associated with the various
components of the U.S. food and agriculture system. These contaminants include nutrients (i.e.,
nitrogen and phosphorus), pesticides, pharmaceuticals, pathogens, gases and inhalants (i.e.,
ammonia, nitrogen oxides, methane, odors, and fine particulate matter, or PM), and soil sediment
(including the chemicals and organisms it may contain). When a contaminant reaches pollutant
levels, it leads to the degradation of water, soil, air, or habitat and to potential consequences on
human health. For example, nutrient-laden run-off can lead to eutrophication4 of downstream
waters (EPA, 2011), excessive GHG emissions can contribute to global warming (EPA, 2013),
and pesticides transported in run-off or in groundwater recharge can result in toxicity to humans,
aquatic life, and wildlife (Gilliom et al., 2006). The extent to which these contaminants result in
4

Excessive plant and algal growth due to the increased availability of one or more limiting growth factors needed
for photosynthesis, such as sunlight, carbon dioxide, and nutrient fertilizers.
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FIGURE 4-2 The po
ollution life cycle.
c
Regulaations at varioous levels (feederal, state, and local) adddress
negative impacts
i
to hum
man and ecossystem health
h.

environm
mental degraadation depends on a number off factors, inncluding but not limiteed to
contamin
nant concenttration, timin
ng of expossure, extent of biodegraadation and bioaccumulaation,
and the frequency of
o exposuree. The follo
owing discuussion focuses on the m
major classees of
nants (nutrieents, pesticid
des, sedimen
nt, and pathhogens) andd the mechannisms leadinng to
contamin
environm
mental contam
mination. An
n extensive discussion oof nitrogen aas a nutrient contaminannt and
pollutantt in agricultu
ural productio
on can be fo
ound in Chappter 7, Annexx 4.
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uality and cliimate change-related em
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of to
otal U.S. emiissions), redduced sulfur (unquantifieed), PM52.5 (~
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m
(~2
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al.,
a 2009). On
nce these maaterials are reeleased into the air, theyy can underggo various
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mple, a large ppercentage oof ammonia is
depositeed near its so
ource. Howeever, ammon
nia can readilly transform
m into ammonnium, whichh can
be transported overr greater disttances from the
t source. A
As the most prevalent baase found in the
atmosphere, ammoniia can also readily react with acidic nnitrogen andd sulfur speccies, formingg fine
C
moleecules also ccan transform
m from one fform to anotther.
particullate matter (ii.e., PM2.5). Carbon
For exam
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VOCs), whicch are produuced during ffermentationn and
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o
mateerials as welll as during ccombustion oof fossil fuells, contributee to
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d with oxidess of nitrogenn (NOx) andd sunlight (Shhaw et al., 2007).
mog, which constitutes
c
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5

PM2.5 reffers to particulaate matter less than
t
2.5 μm in
n diameter.
Gases fro
om certain soliids or liquids th
hat include a variety
v
of chem
micals, some off which may hhave short- andd longterm adverrse health effeccts.
6
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FIGURE 4-3 Atmosp
pheric emissio
ons, transport//transformatioon, and depossition.
Reprinted
d by permissiion from Macmillan Publishers Ltd: A
Aneja, V. P., W. H. Schleesinger, and J. W.
Erisman. 2008. Farmin
ng pollution. Nature
N
Geosccience 1(7):4009-411.

uch as Califo
fornia. Somee VOCs alsoo cause heallth effects suuch as eye, nose,
the Uniteed States, su
and throaat irritation (EPA,
(
2014).
Figurre 4-3 show
ws an examp
ple of how primary (e. g., ammonia) and secoondary (e.g.,, fine
particles,, PM2.5) air emissions
e
arre most often
n transportedd by wind annd eventuallly undergo ddry or
wet depo
osition. Thesse can affectt both ecosy
ystem (e.g., eeutrophicatioon, acidificaation) and huuman
health (e.g., respirato
ory condition
ns).
Wateer pollution occurs
o
when
n pollutants are
a leached tthrough the soil and the unsaturatedd zone
above the water table into the aq
quifer (groun
ndwater), orr when surfaace water quuality is imppaired
due to ru
un-off or drainage dischaarge from ag
gricultural laand. Major isssues relatedd to water quuality
in agricu
ultural produ
uction focuss on nitrogeen, phosphoorus, salinityy, and pathoogen occurrrence.
Nitrogen
n and phosph
horus are thee principal nutrient
n
polluutants of maajor concernn regarding w
water
quality. Ammonia from
f
manurre or other nitrogen fo
forms contained in cheemical fertilizers
undergoees nitrificatio
on in the so
oil leading to
t nitrate foormation. Niitrate is readdily taken uup by
crops, bu
ut if applicaations are beeyond the neeed of the pplant (i.e., aagronomic raates), excesss will
leach intto the groun
ndwater (see also Chap
pter 7, Annnex 4). Phossphorus, on the other hhand,
generally
y binds to so
oil particles,, and most pollution
p
to water bodiees occurs duue to soil erosion
and direcct run-off of soluble reacctive phosphate from fiellds.
Pathogen
ns
Even tho
ough the Uniited States has
h one of th
he safest foood supplies gglobally, milllions of casses of
human foodborne
f
illlnesses stilll occur (seee Chapter 3)). Animal aagriculture iis a consideerable
source off microorgan
nisms, somee of which arre pathogenss, including bacteria succh as Salmonnella,
Escherichia coli O1
157:H7, and
d Campylob
bacter. Otheer pathogenns of majorr importancee are
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p
activ
ve ingredient used in the U
United Statess by pesticidee type,
FIGURE 4-4 Annuall amount of pesticide
A
Market
M
Sectorr.
1988-2007 Estimates Agricultural
SOURCE
E: Grube et al.., 2011.

us, Clostridia, and Stap
phylococcus.. Concentraated animal feeding operations, grazing
Noroviru
lands, an
nd lands receeiving animaal waste are all potentiall sources off pathogens tto waterwayys and
agricultu
ural productss. Pathogen contaminattion of mannure can leaad to foodbborne diseasses in
people when
w
waste is applied as fertilizers to
o crops and the producee is not washhed appropriiately
before co
onsumption. For examplle, a large E. coli O157:H
H7 outbreakk in 2006 waas associatedd with
contamin
nated spinach. Similarly
y, manure haas the potenntial to contaaminate meaat at the paccking
plant, which can po
otentially leead to food
dborne illnessses in peoople, particuularly if meeat is
undercoo
oked.
Pesticidees
The advent of synthetic
s
pesticides, mu
uch like thee rise of synnthetic fertiilizer use, leed to
significan
nt increasess in crop yiields throug
gh the proteection of crrops from ddestructive ppests.
Pesticidees are predom
minately useed to protecct crops from
m yield reduuctions resuulting from iinsect
damage and
a competiition from weeds.
w
The an
nnual amounnt of pesticidde active inggredients useed by
the agriccultural secttor from 19
988 to 2007
7 (shown i n Figure 4-4) has rem
mained relattively
unchangeed except forr minor increases and deecreases in thhe specific uuse of certainn pesticide tyypes.
Altho
ough agricultural pesticid
de use has alllowed for inncreased prooduction of ffood and fibeer at
a lower cost,
c
widesprread use of pesticides
p
in a variety off crops increaases the likeelihood of
negative impacts on the
t environm
ment.
Pesticcides and asssociated breeakdown pro
oducts are reeadily mobiilized througgh air, waterr, and
sedimentt pathways, resulting in
i the poten
ntial exposuure of non--target organnisms, incluuding
humans, to acute and
d/or chronicc toxicity conditions. Deepending onn a pesticidee’s propertiess, the
environm
mental conditions during
g and after application,
a
aand the mannagement praactices usedd by a
farmer, a pesticide or
o its breakdo
own productts can be: caarried in driift during appplication, inn dust
created by
b wind or tillage activitiies, in surfacce run-off duuring irrigatiion or rainfaall, or in sediiment
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carried by run-off; leached through the soil into groundwater; or volatized into the air and
deposited onto surfaces near or a considerable distance from the application site. A 2007 U.S.
Geological Survey (USGS) assessment reported the detection of pesticide compounds in streams
of developed watersheds more than 90 percent of the time (Gilliom, 2007). In agricultural areas
of the United States where sampling was conducted, pesticides were detected in 97 percent of
samples in streams and 61 percent of samples in shallow groundwater areas. Additionally,
organochlorine compounds, the majority of which are no longer used and which are considered
“legacy” pesticides, were detected in 92 percent of fish tissue samples and 57 percent of aquatic
bed sediment samples.
Because ecosystems are generally exposed to mixtures of pesticide compounds and their
degradation products at varying concentrations, assessing environmental toxicity can be difficult,
especially if only a single pesticide is evaluated (Gilliom, 2007). The issue is further complicated
by toxicity arising from the use of currently registered pesticides and those used historically but
with long half-lives, such as organochlorines. In addition, as a result of the lack of a
comprehensive pesticide use database, except in certain states such as California, studies
evaluating pesticide risk to the environment and human health are limited. Researchers in
California studying pesticide risk in almond production were able to overcome this limitation by
using the Pesticide Use Reporting (PUR) database and a Pesticide Use Risk Evaluation (PURE)
indicator to assess the risks of pesticide use to air, water, and soil (Zhan and Zhang, 2012, 2014).
The spatial and temporal data contained within PUR combined with the use of the PURE
indicator demonstrated a shift to more environmentally friendly insect control measures, such as
the use of oils and Bacillus thuringiensis (Bt) instead of less water quality-friendly
organophosphate compounds, while also revealing an increasing use of herbicides possibly
linked to herbicide resistance (Zhan and Zhang, 2014).
The type and the amount of pesticides used by the U.S. food system are driven by a number
of different forces. These forces include food marketing standards and consumer demands,
varying pest pressure, real and perceived human health issues through both worker and consumer
exposure, detection of pesticide or breakdown compounds in various environmental media
(especially water), and increased use of crops with both natural and engineered (i.e., transgenic)
resistance to pests. For example, aquatic toxicity and human health concerns attributed to
chlorpyrifos and diazinon resulted in a shift away from these organophosphate insecticides to
pyrethroid insecticides, which are less water soluble and have lower mammalian toxicity
characteristics (Anderson et al., 2003; Bradman et al., 2011; Fenske et al., 2005; Hunt et al.,
2003; Loewenherz et al., 1997). See Chapter 5 for a discussion on exposure effects on farmers
and farm workers. Although this shift has reduced the impact of organophosphates on water
quality and human health toxicity, a significant body of literature now exists demonstrating
increased detections and aquatic toxicity of pyrethroids in the sediment downstream of
agricultural lands, including in marine receiving waters (Amweg et al., 2005; Anderson et al.,
2014; Ding et al., 2010; Domagalski et al., 2010; Weston et al., 2013). Pesticide use in response
to pest outbreaks is always variable due to shifting environmental conditions, presence of host
plants, and population of natural predators, but use may be more significant in response to
invasive pests, especially where existing natural biological control organisms are inadequate or
unable to control the pest. The detection of the soybean aphid, Aphis glycines Matsumura, in the
United States in 2000 is an example of an outbreak of an invasive pest on an economically
important crop that resulted in a significant increase in pesticide use where previously little
pesticide was required. Chemical treatment for soybean aphid consists of foliar applications of
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FIGURE 4-5 Estimaated agricultu
ural use for im
midacloprid ((A), thiamethhoxam (B), lambda-cyhaloothrin
(C), 2011.
SOURCE
E: Adapted from the Pesticide
P
Naational Syntthesis Projecct, U.S. Geeological Suurvey.
https://waater.usgs.gov//nawqa/pnsp/u
usage/maps/in
ndex.php. (acccessed Januaary 8, 2015).

pyrethroiids and organ
nophosphatees as well as seed treatm
ments with neeonicotinoids (Ragsdale et
al., 2011)). Figure 4-5
5 illustrates the
t increase in the use off the neonicootinoids com
mpounds
imidaclop
prid and thiaamethoxam as
a seed treattments as weell as the inccrease in the use of
pyrethroiid compound
d lambda-cy
yhalothrin, ass a foliar treaatment for coontrolling sooybean aphidd.
Depletiion and Rep
plenishmentt of Naturall Resources
The U.S.
U food an
nd agriculturre system rellies on vast qquantities off natural resoources, especcially
arable land and wateer. The avaiilability and quality of tthese naturaal resources is influenced not
only by human deccisions (e.g., contaminaation of aquuifers with pesticides aand fertilizeers or
excessivee erosion du
ue to improp
per tillage prractices), buut also by faactors outsidde human coontrol
(e.g., floo
ods and drou
ughts). In so
ome cases, raates of resouurce depletioon can be maatched by rattes of
replenish
hment or reg
generation, for examplee, rates of w
water use inn irrigation are matcheed by
recharge of surface and
a groundw
waters by sn
now melt or rainfall. Alternatively, rates of resoource
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depletion can exceed rates of recharge, leading to slow or rapid degradation of the resource base
on which agricultural production depends.
The recognition of the need to better manage soil and water resources on farms, grazing
lands, and in forests began formally in the United States with the formation of the U.S.
Department of Agriculture (USDA) Soil Conservation Service in 1935, renamed the Natural
Resources Conservation Service (NRCS) in 1994. Financial and technical support provided by
NRCS continues to help landowners implement natural resource conservation strategies that
address soil erosion, water quality, water conservation, and wildlife habitat. However, climate
change and weather extremes, such as intense rainfall events or drought, as well as the need to
produce more food on the same or less arable land, will require a renewed commitment to further
research and extension capacity into the development and implementation of economically
feasible conservation strategies that minimize imbalances in the stocks and flows of natural
resources.
Soil Resources
Disruption of the balance between soil erosion and soil formation illustrates how agriculture
can have a profound effect on the environment through net resource depletion. Erosion is a
natural process that occurs on nearly all soils, though rates depend on multiple site-specific
factors that include climate conditions and topography. The process occurs in two stages:
detachment of soil particles from the soil surface and their subsequent transport and deposition.
Erosion by water can occur in sheets,7 rills,8 and gullies9 when rainfall rates exceed a soil’s
infiltration capacity; erosion by wind can occur when soil is dry and loose, the surface is bare
and smooth, and the landscape has few physical barriers to block the movement of air (Magdoff
and van Es, 2009).
Erosion is perhaps the most important land degradation process associated with agriculture
(Cruse et al., 2013). Direct comparisons of soil erosion rates under different forms of land
management have shown 1.3- to 1,000-fold differences, with mean erosion rates of 0.05 mm
year-1 for sites under native vegetation and 3.94 mm year-1 for agricultural sites managed
conventionally (Montgomery, 2007). Soil disturbance and exposure due to tillage and cropping
practices are the prime culprits for accelerated rates of erosion on land under agricultural
management (Magdoff and van Es, 2009; Montgomery, 2007). Erosion of agricultural soils tends
to deplete soil organic matter, fertility, and water holding capacity (Magdoff and van Es, 2009),
and consequently can cause significant reductions in crop yields (den Biggelaar, 2004; Fenton et
al., 2005).
Soil formation is the result of the weathering of parent rock materials and additions and
transformations of organic matter derived from plants, animals, and microbes. It is a geological
process that is slow in comparison to the time span of a human generation and to rates of erosion
incurred on agricultural land. In an investigation of 18 watersheds worldwide, Alexander (1988)
found soil formation rates ranged from 0.002 to 0.09 mm year-1, with a mean value of 0.04 mm
year-1.

7

Removal of soil in thin layers by raindrop impact and shallow surface flow. It results in loss of the finest soil
particles that contain most of the available nutrients and organic matter in the soil.
8
Shallow drainage lines that develop when surface water concentrates in paddock depressions, eroding the soil.
9
Channels deeper than 30cm that occur when smaller water flows concentrate, cutting a channel through the soil.
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FIGURE 4-6 Estimated mean sheet, rill, and wind erosion on U.S. cropland, measured in megagrams per
hectare per year (Mg ha-1 year-1), 1982-2010.
SOURCE: NRCS, 2013.

Wakatsuki and Rasyidin (1992) also studied soil dynamics at multiple sites worldwide and
estimated the mean rate of soil formation to be 0.06 mm year-1. Cruse et al. (2013) reported a
mean rate of soil formation of 0.11 mm year-1 for four soil series used intensively for crop
production in Iowa.
The mean rate of sheet and rill erosion on U.S. cropland in 2010 was estimated by the USDA
(NRCS, 2013) at 6.1 megagrams (Mg) ha-1 year-1; the mean rate of wind erosion that year was
estimated at 4.6 Mg ha-1 year-1. Erosion due to water in ephemeral gullies can also be an
important form of soil loss (Cruse et al., 2013; Gordon et al., 2008), but is not assessed in widely
used soil erosion assessment tools such as the Revised Universal Soil Loss Equation 2 (USDA,
2008) and the Water Erosion Prediction Project model (USDA, 2012). Nonetheless, by
combining values for sheet, rill, and wind erosion, the minimum mean value for erosion on U.S.
cropland is 10.7 Mg ha-1 year-1 (see Figure 4-6). Assuming a soil bulk density of 1.3 Mg m-3,
that rate is equivalent to the loss of 0.82 mm of soil per year-1.
Though erosion of soil from cropland at a rate of 0.82 mm year-1 may seem insignificant, it
is at least an order of magnitude greater than the rates of soil formation cited earlier.
Consequences of this imbalance can be seen in an evaluation of soil dynamics in Iowa, which
contains some of the most productive rain-fed croplands in the United States. Based on the mean
rate of soil formation reported by Cruse et al. (2013) for four Iowa soil series (0.11 mm year-1)
and the mean rate of erosion due to sheet, rill, and wind losses on Iowa cropland (0.98 mm year1) reported by the USDA (NRCS, 2013), net loss of soil would be 0.87 mm year-1. Viewed in a
more historical context, net loss of soil would be 87 mm per century.
Despite the loss of considerable amounts of topsoil from U.S. croplands due to erosion, crop
yields have generally increased over the past century, largely because technological advances,
including more intensive use of fertilizers, have been able to mask the potential effects of soil
degradation. However, as noted by Cruse et al. (2013), to make use of technological advances in
the next century, especially those related to plant genetics, soil quality must be maintained or
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improved, especially soil’s capacity to supply increasing amounts of water and nutrients. In this
regard, changes in tillage and cropping practices that retard erosion will be critical, especially
increased adoption of minimum tillage and zero tillage techniques, greater use of cover crops,
and more widespread use of perennial, sod-forming crops (Magdoff and van Es, 2009;
Montgomery, 2007).
Water Supply
Though irrigation is used on only 15 to 20 percent of total U.S. cropland, it is used on about
70 percent of land used for vegetable production, about 80 percent of land used for orchard
crops, and essentially 100 percent of land used for rice production (Schaible and Aillery, 2012).
Changes in irrigation technology, competition for water between urban and agricultural users,
spatial and temporal patterns of drought, biofuel production from irrigated crops such as corn,
and shifts in domestic and international markets for crops with different water use efficiencies
and profit characteristics now intersect with the need to balance between water resource use and
water resource replenishment. In general, rates of groundwater withdrawal are increasing
throughout the United States relative to rates of replenishment (Konikow, 2013). In some cases,
such as for croplands drawing on the Ogallala (High Plains) Aquifer, the imbalance between
water withdrawal and recharge may prove too costly or impractical to maintain current levels of
crop production (Konikow, 2013).
Relatively inefficient irrigation systems are still used for much of the U.S. irrigated cropland
(Schaible and Aillery, 2012). The authors noted that long-term sustainability of irrigated
agriculture will depend on adopting innovative, more efficient irrigation systems at the farm
level. Some of these innovations include: soil- and plant-moisture–sensing devices; commercial
irrigation-scheduling services; and simulation models that help producers with irrigation
decisions, among others. Another approach, currently being assessed in the Central Valley of
California, is the artificial recharge of groundwater using excess surface water in non-drought
years (Scanlon et al., 2012).
In areas of the United States where water supplies are limited and groundwater is susceptible
to overdraft, most often due to periodic severe drought conditions, reused water is increasingly
being used to irrigate both edible and non-edible crops. The 2007 Ag Census, Farm and Ranch
Irrigation Survey (USDA, 2009) reported that more than 1.8 million acres of farmland in the
United States were irrigated with recycled water, defined as water previously used for irrigating
crops. Additionally, more than 700,000 acres of farmland used reclaimed wastewater treated for
non-potable reuse (USDA, 2009). USDA, in recognition of the increasing frequency and severity
of droughts in many parts of the United States where food and fiber are grown, identified water
reuse as one of six broad areas to focus research, education, and extension efforts to ensure
agriculture water security by 2025 (Dobrowolski and O’Neill, 2005). Water reuse provides
significant opportunities to reduce groundwater depletion, but it is not without its challenges.
These include matching supply and demand, the risk of contamination of stored water with
pathogens from wildlife, negative impacts on crop yields due to increased salinity, health
concerns related to emerging contaminants, and the public’s perception of its use on edible crops
(Dobrowolski et al., 2008). USGS provides a tremendous amount of information on agricultural
impacts on water quality (also see Appendix B on selected metrics, methods, data, and models
for USGS data sources).
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Population and Community Disruption
Population and community dynamics among species within ecosystems can be affected by
contaminants released into the environment at pollutant levels and by shifts in the availability of
natural resources. The degree of ecosystem impact at each stage of the food and agriculture
system depends on management decisions and the resulting response of the environment to the
stressors created by those decisions.
For example, a broad-spectrum pesticide applied to a crop to control a pest during production
may have significant adverse impacts on non-target pollinating insects in both farmed and nonfarmed areas of the ecosystem. The loss of pollinators, by pesticide exposure and a variety of
other drivers, affects both wild plant population and community diversity as well as yields of
insect-pollinated crops, especially fruits and nuts. A current review of the decline in pollinators
on a global scale advocates for investment in both a better understanding and implementation of
“agri-environment schemes” to protect pollination services (Potts et al., 2010).
The Sacramento-San Joaquin Delta provides another example of how the balance of an
ecosystem can be affected by management decisions. Vast acres of farmland in the southern
Central Valley of California depend on water withdrawals from the Delta, as do two thirds of the
state’s households. At the same time, the Delta provides critical habitat to a number of native
fish, birds, mammals, and reptiles. For example, the Yolo Bypass floodplain is a fertile setting
both for salmon reproduction and crop production (Garnache and Howitt, 2011). The high
demands on water supply by agriculture as well as the general population, especially during
drought years, significantly affect the population and community dynamics of the Delta. Lund et
al. (2008) noted the importance of planning efforts to balance the water supply with the Delta’s
ecosystem needs. Keeping this idea at the forefront of any decision making would improve the
likelihood of providing benefits to agriculture and the environment. The report identified an
“ecosystem solution” that includes strategies such as coordinating planning efforts, minimizing
the entry of toxicants and invasive species into the Delta, creating wildlife-friendly agriculture,
and restoring habitat diversity. These two examples demonstrate how management decisions can
have intended and unintended consequences on ecosystem health, emphasizing the importance of
a more thorough understanding of the interconnectedness of agriculture and the environment as
well as a recognition of the complex nature of these connections.
COMPLEXITIES ASSOCIATED WITH ENVIRONMENTAL EFFECTS
As should be clear from Chapter 2 and the previous discussion in this chapter, the U.S. food
and agriculture system constitutes a prominent example of a coupled social–ecological system, in
which people are inextricably linked with key components of the environment, including soil,
water, air, sunlight, and a diverse biota (Rivera-Ferre et al., 2013). Natural resources are used to
produce food, feed, fuel, and fiber for residents of the United States and other countries, thereby
supporting a considerable portion of the U.S. economy. However, in recent years, societal
demands on the food and agriculture system have expanded beyond production and profitability
to include better stewardship of natural resources and improved protection of environmental
quality.
Unlike most other ecosystems, agroecosystems explicitly reflect human knowledge,
technology, labor, attitudes, and intentions, which in turn are affected by broader socioeconomic
factors like markets, regulations, and education. Farmers, policy makers, business people, and
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consumers repeatedly make decisions that affect the components and performance of
agroecosystems. Consequently, agroecosystems are dynamic and can change quickly in response
to social, economic, physical, biological, and technical factors.
Because the U.S. food and agriculture system has many interrelated components and
processes, decisions about ways to adjust or refine one portion of the system can have significant
consequences for other portions. Optimizing system performance in relation to productivity and
environmental goals depends on several sets of tasks and types of information. These include
identifying the multiple interacting and interdependent parts of the system; understanding how
these parts are related; quantifying the status of system components; monitoring fluxes of
materials and energy into, within, and out of the system; and determining key decision points
affecting system dynamics. In some cases, empirical experiments can be designed, implemented,
and monitored to compare the performance of contrasting systems of agricultural production,
processing, and distribution. In other cases, empirical data derived from a range of sources can
be used to develop models with which to compare system performance characteristics. For both
approaches, it is important to recognize the dynamic characteristics of relevant environmental
effects.
Characteristics of Environmental Effects
Interactions among food, agriculture, and the environment are of major importance in the
United States for three reasons: the large land area the system occupies, the large quantities of
resources it consumes, and the strong connections that can exist between agricultural and nonagricultural ecosystems. Of the 9.16 million square kilometers of total land in the United States,
18 percent is used for cropland and 27 percent is used for pasture and rangeland; within the
continental United States, agriculture occupies 54 percent of total land area (Nickerson et al.,
2011). Water use exemplifies the disproportionate impact of the U.S. food and agriculture system
on natural resources. Food and agriculture, principally irrigation, account for about 80 percent of
the nation’s total consumption of freshwater stocks (ERS, 2013).
Exports (i.e., outflows) of nutrients, pesticides, and other materials from agroecosystems into
non-agricultural ecosystems (i.e., inflows) can be substantial. For example, Alexander et al.
(2008) estimated that nearly 1 million metric tons of nitrogen are delivered annually into the
Gulf of Mexico from agricultural lands lying upstream in the Mississippi River Basin, leading to
formation of a coastal hypoxic zone. Of the 34,000 metric tons of the herbicide atrazine that are
applied each year to U.S. cropland (Grube et al., 2011), about 1 percent moves into associated
streams, creating conditions that can exceed thresholds for safeguarding aquatic organisms and
human health (Gilliom et al., 2006; Larson et al., 1999). Heathcote et al. (2013) studied trends in
sedimentation for 32 lakes in Iowa and found that agricultural intensification over the past 50
years had led to accelerating increases in soil sediment deposition in the lakes due to erosion,
despite soil conservation efforts. Fluxes between farms and the atmosphere also are important.
Agricultural practices, principally fertilizer use and manure management, are responsible for
about 74 percent of U.S. emissions of the greenhouse gas nitrous oxide (N2O) and 84 percent of
the nation’s emissions of ammonia (NH3) and other NHx-N compounds (EPA, 2011, 2013).
As these examples illustrate, environmental effects of the U.S. food and agriculture system
reveal traits of a complex system. In particular, they can involve spatial displacement, with large
distances possible between sites of pollutant discharge and sites of their ultimate impacts. The
system’s environmental effects also may be characterized by temporal lags, with effects
remaining largely invisible or unrecognized for months or years. For example, following the
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introduction of chlorinated hydrocarbon insecticides, such as DDT and dieldrin, in the 1940s and
1950s, declines in bird populations were not recognized as being related to use of these
chemicals for a number of years. Because their toxic effects included reduced reproductive
efficiency, rather than just direct mortality, and because concentrations did not reach critical
levels until “biomagnifications” had occurred with movement of the pesticides through the food
web (Mineau, 2002), cause and effect relationships were initially difficult to discern. By the
1970s, when understanding of the large effects of this class of pesticides on non-target organisms
increased, most of the chemicals were banned or severely restricted in many developed
countries. Currently, there is concern over the ecological impacts of neonicotinoid insecticides,
which were introduced in the 1990s due to their lower mammalian toxicity relative to
organophosphate and carbamate compounds, and are now widely used throughout U.S.
agriculture. Emerging data indicate these compounds may be primary factors in the decline of
honeybee populations through chronic effects on behavior, health, and immunity, and increased
susceptibility to pathogens and parasites (Di Prisco et al., 2013; Henry et al., 2012; Pettis et al.,
2012).
Temporal lags in agroecosystems also may present positive, desirable effects, such as the
increase in soil nitrogen fertility and reduced requirement for mineral fertilizer that occur when
nitrogen-fixing crops like alfalfa are followed in rotation sequences by cereals and other crops
that do not fix atmospheric nitrogen (Peoples et al., 1995).
Environmental effects of the food and agriculture system can be indirect. Indirect effects may
occur through loops and webs of interconnected species, so that the impact on one species of a
change in management practices or system composition and configuration is mitigated by other
species. The effects of neonicotinoid insecticides on honeybees by way of pathogens and
parasites illustrate this concept. It is also exemplified by the phenomenon known as “target pest
resurgence” whereby an insect pest population increases rapidly following application of a
chemical intended to control it, often to a level higher than existed before the control measure
was applied (Dutcher, 2007). Although an insecticide may destroy more than 99 percent of a
target pest population, it rarely eliminates all of the pests, but frequently kills a large portion of
the pest’s natural enemies and disrupts food webs that would otherwise promote natural enemy
persistence and efficacy (Bottrell, 1979; NRC, 1996). With many fewer natural enemies present,
surviving pest populations increase rapidly, posing an enhanced threat to crop production.
Alternatively, biological control of crop pests by natural enemies may be enhanced by
maintaining natural and semi-natural vegetation in agricultural landscapes, thereby allowing
natural enemies to move among habitats that provide them with refugia and resources that may
be scarce in crop fields (Power, 2010). Losey and Vaughan (2006) estimated that insect predators
and parasitoids acting as natural enemies of crop pests save $4.5 billion in the United States each
year by reducing crop losses to insect damage and lowering expenditures on insecticides. Thus,
ignoring or failing to appropriately manage indirect effects in the U.S. food and agriculture
system may have serious economic implications.
Non-linear effects are common in complex systems like food and agriculture, with small
changes in management or system composition or configuration giving little or no response, or a
disproportionately large response. The latter class of effects can be particularly important for
both physical and biological processes in agroecosystems. For example, in a field experiment
comparing contrasting patterns of land use in watersheds used for corn and soybean production,
Helmers et al. (2012) observed that conversion of 10 percent of the cropland area to filter strips
composed of reconstructed prairie vegetation resulted in a 96 percent reduction in the export of
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soil sediment from the watersheds. Pesticides that disrupt the endocrine system of non-target
animals can also exhibit non-linear, non-proportional effects, with exposure to low or
intermediate concentrations causing equal or larger changes in hormone levels, relative to
changes elicited by high concentrations. Endocrine-disrupting agricultural pesticides have been
found to alter rates of growth and development, immune system function, and other health
parameters (Rohr and McCoy, 2010; Vandenberg et al., 2012). Exposure to them at low,
ecologically relevant concentrations has been suggested as contributing to population declines of
amphibian species (Hayes et al., 2002, 2010).
Though the food and agriculture system exerts substantial pressure on the environment,
environmental factors also can have strong effects on various aspects of the food and agriculture
system, especially crop and livestock productivity. Environmental stressors, especially droughts,
floods, exceptionally high and low temperatures, and pest infestations, are notable for their lack
of predictability in both space and time. Consequently, a key system characteristic is the degree
of resilience the environment manifests when stressed by physical and biotic factors. Resilient
systems resist change due to stressors and rebound quickly after perturbation; non-resilient
systems are strongly altered by stressors and recover more slowly, if ever. Pimentel et al. (2005)
noted differences in resilience in a long-term cropping systems experiment that included a
conventionally managed corn–soybean rotation and two organically managed, more diverse
rotations. During five drought years when growing season precipitation was less than 70 percent
of average levels, corn yields were 28 to 34 percent higher in the more diverse organic systems.
This effect was attributed to higher levels of soil organic matter, with concomitant increases in
soil water storage and plant-available water. Resilience also can be evident with regard to the
effects of crop diversity on pest management. Blackshaw (1994) found that the mean density and
year-to-year variance of population densities of the grass weed Bromus tectorum were markedly
higher in fields in which wheat was grown continuously compared with wheat grown in rotation
with canola. In general, diversified crop rotation systems offer important opportunities for
minimizing threats of weed infestation while reducing requirements for herbicide inputs
(Nazarko et al., 2005), a consideration that is especially relevant to addressing growing problems
associated with the management of herbicide-resistant weeds (Beckie, 2006).
Because the food and agriculture system covers a broad geographic area and intersects with
numerous organisms and multiple portions of the economy, changes in the configuration of the
system can incur consequences that may be difficult to anticipate without careful analysis. For
example, biofuel production from crop materials has been championed as a means of reducing
fossil fuel use and limiting GHG emissions, but some analysts have concluded that it can be
responsible for environmentally undesirable indirect land use change effects,10 whereby shifts
from food and feed production to biofuel production in one region may lead to the conversion of
grasslands and forest lands to croplands in others, with concomitant increases in net CO2
emissions, soil erosion, and nutrient emissions to water (Fargione et al., 2008; Searchinger et al.,
2008; Secchi et al., 2010). The evolution of pesticide resistance in target pests also exemplifies
how agricultural management practices can elicit unwanted effects that might be avoided by
analysis of alternative management systems. Since the mid-1990s introduction of transgenic

10

Refers to the effects that increasing biofuel production in one location will have on expanded cultivation of land in
other locations.
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crops resistant to the herbicide glyphosate, glyphosate use in the United States has increased tenfold (USGS, 2014), making it the most heavily used pesticide in U.S. agriculture and a strong
selection force acting on weed population genetics. Concomitantly, glyphosate-resistant weeds
have become increasingly prevalent and problematic (Heap, 2014). In an analysis of ways to
address this problem, Mortensen (2012) concluded that simply stacking new genes for resistance
to additional herbicides in crop genomes was unlikely to prevent further cases of herbicide
resistance in weeds, and that a more efficacious approach would be to develop and implement
integrated weed management systems that employ a diverse set of tactics, such as crop rotation,
cover cropping, planting of competitive crop cultivars, and appropriate use of tillage and
herbicides application.
The multiple dimensions of the food and agriculture system can provide multiple pathways
toward solutions to complex problems. For example, increasing food production is not the only
pathway to increase food availability to a growing human population. This is fortunate, because
increased food production tends to either require more land (through the conversion of more
forests and grasslands to arable crop production) or the intensification of fertilizer and pesticide
use on existing arable land, with attendant environmental problems such as elevated GHG
emissions, loss of biodiversity, water contamination, and soil erosion. Food availability also can
be increased by reducing food waste and shifting dietary patterns toward a greater proportion of
plant-based foods (Foley et al., 2011). In 2010, an estimated 31 percent of the 195 billion
kilograms of food available in the United States at retail and consumer levels was not eaten
(Buzby et al., 2013). In an analysis of the consequences of a radical shift in global dietary
patterns, Cassidy et al. (2013) concluded that growing food exclusively for direct human
consumption rather than animal feed and biofuels could increase available food calories by as
much as 70 percent, enough to feed an additional 4 billion people. Such a shift would be
particularly profound in the United States, where corn, the nation’s largest crop, is chiefly
destined for animal feed and biofuel production (ERS, 2014; Foley, 2013).
DRIVERS OF HUMAN BEHAVIOR AFFECTING THE ENVIRONMENT
It seems paradoxical that humans would undermine the quality of their habitat by depleting,
contaminating, and unbalancing the natural environment. But maintaining the natural
environment is one among many human goals. Human behavior makes more sense when
different kinds of people and different group sizes are examined in their specific socioeconomic
and biophysical contexts. Like the environment as a dynamic system, human behavior also
displays spatial displacement, temporal lags, and non-linear feedbacks—all peppered with
random effects.
Human decisions are made in the context of desires, incentives, constrained resources,
imperfect information, and bounded rationality. Human institutions, like laws and markets, shape
incentives for decision makers (Schmid, 2004). Of particular importance for behavior related to
the natural environment are property rights—what and how people are allowed to own things.
For environmental impacts, two cases of property rights are especially important. When one
decision maker’s actions influence the welfare of another person, an economic externality exists.
The term comes from the fact that the affected person’s welfare is external to the decision. The
externality may be positive (e.g., acquiring honey bees that also pollinate a neighbor’s trees)
(Meade, 1952) or negative (e.g., pesticide run-off into a river with swimmers downstream). But
the key factor is that the external person lacks the property right to protect himself or herself
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from the external effect without taking special measures. Hence, the decision maker takes into
account some, but not all, of the costs and benefits experienced by the public. What is optimal
from a private perspective may not be so from a public one.
The second case of property rights that affect environmental behavior is that of common
property resources that are shared (like a grazing commons or the atmosphere) (Blaikie and
Brookfield, 1987). In both cases, no one has the right to exclude others from using the resource,
creating an incentive for depletion or misuse. Consequently, what is optimal for the individual is
not so in the aggregate because the resource gets overexploited.
Because many important environmental impacts of the food system occur during agricultural
production, the following sections first examine farmer decision processes, and then explore
decisions by other food system actors, such as processors, distributors, and consumers.
Private Producer Perspective
Most food is produced by farmers who rely on agriculture for their livelihood. Although
evidence abounds that farmers care about environmental stewardship, surveys repeatedly show
that profitability is an overriding concern (Ma et al., 2012). Farmers in the United States hold
property rights that give broad latitude over how to manage their land so long as they do not
cause harm in direct and measurable ways (Norris et al., 2008). However, their actions may
cause economic externalities through air, water, or biotic changes that are indirect and often hard
to measure.
The profit-maximizing approach to nitrogen fertilizer application on corn illustrates a rational
process where an economic externality can lead to environmental degradation. To begin, note
that fertilizer, land, and corn are private goods that belong to the farmer. But the aquifer under
the farm, the streams nearby, and the atmosphere have no owners—they are common property
resources. Corn yield typically increases with increasing applications of nitrogen, but yield
increases at a decreasing rate and ultimately reaches a plateau due to genetic yield potential or
shortages of other inputs. For a corn producer who is deciding how much nitrogen fertilizer to
apply to a corn crop, the standard rule for profit maximization is to apply more fertilizer up to the
point where the pay-off from adding more fertilizer just equals the cost of acquiring and
spreading that fertilizer. Up to that point, each added unit of fertilizer will fetch greater value of
marketable corn. As fertilizer application rises and corn yield tails off, a rising share of fertilizer
applied is not taken up by the corn plant. Instead, it converts to nitrate and is carried by water
into streams that may contribute to marine hypoxia (Alexander et al., 2008); it may also convert
into nitrous oxide and move into the atmosphere as a GHG (McSwiney and Robertson, 2005;
Shcherbak et al., 2014). Because no one owns the waterways or the air, the costs to other people
of using those environmental media as waste recipients are external to the farmer’s decision.
Similar external costs can accrue from other privately rational decisions by farmers. Examples
include specializing in highly profitable crops at the expense of biodiverse natural areas that
provide habitat for beneficial species, such as songbirds, pollinators, and the natural enemies of
certain agricultural pests.
The common property dynamic contributes importantly to depletion of shared resources like
the Ogallala (High Plains) Aquifer. In the century since farmers learned that the semi-arid High
Plains region was underlain by this vast aquifer, irrigation has dramatically expanded crop
production. However, due to low rainfall in the current era, the aquifer’s recharge rate is dwarfed
by water withdrawals, resulting in a 30 percent depletion of the groundwater supply today in
western Kansas, with continuing depletion expected, despite rising private costs of withdrawing
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water from greater depths (Steward et al., 2013). Because no one owns the groundwater, there is
no assurance that if one person conserves, that person will have more of the resource available
later.
Societal Perspective and Environmental Policy
Although environmental problems in agriculture are driven by a certain logic, solutions that
can protect the public interest are possible. The fact that one decision maker holds the right to
take actions that affect others does not mean those actions are inevitable. As Ronald Coase
(1960) famously observed, it simply means the affected parties must pay for the right to prevent
harm. A variety of regulatory and voluntary approaches to mitigating the impacts of the U.S.
food system on the environment have been taken by regulatory agencies, environmental
conservation groups, and actors within each of the food system sectors (see Box 4-1).
Because U.S. farmers have broad property rights to manage their land as they see fit, U.S.
agricultural environmental protection policy focuses on paying farmers for environmental
services. A variety of federal programs under the historic series of farm bills since 1985 (most
recently the Agricultural Act of 2014) (USDA, 2014a) pay farmers for environmental services
through sharing the cost of environmental stewardship practices (e.g., under the Environmental
Quality Incentives Program), renting farmland that offers conservation benefits (e.g.,
Conservation Reserve Program), or paying for environmental services from working lands (e.g.,
Conservation Stewardship Program). In the private sector, efforts are expanding to establish
markets for ecosystem services, such as the provision of clean water or of wildlife habitat.
Although such markets are currently small, their emergence has raised a set of important
questions about how to ensure that environmental stewardship practices truly add to
environmental quality (“additionality”) and whether it makes sense to pay separately for different
services that arise from the same stewardship practice (“stacking” ecosystem services) (Cooley
and Olander, 2012; Hanley et al., 2012; Woodward, 2011).
Another approach to protect the public interest is regulation that directly mandates actions, or
sets limits on pollutants. In this instance, the public holds the right, for example, to clean water
and air, so polluters must incur the cost of meeting clean standards. A prime example of this is
the multipronged effort to curb the unintended consequences of unwanted nutrient flows and
resultant pollutants into air and water using regulations and voluntary programs at the national,
regional, and state levels. Often these regulatory approaches mandate emission mitigation to
avoid not only ecosystem impacts, but the impacts these emissions have on human health.
The Clean Air Act mandated the Environmental Protection Agency (EPA) to set air quality
standards for six pollutants, namely carbon monoxide (CO), lead (Pb), nitrogen dioxide (NO2),
PM less than 10 μm in diameter (PM10), PM less than 2.5 μm in diameter (PM2.5), ozone (O3),
and sulfur dioxide (SO2) (EPA, 2009a). Primary standards address public health concerns and
secondary standards protect general public welfare (e.g., visibility and environmental effects)
(EPA, 2008; Pope et al., 2009). The major agricultural air pollutants are PM, ammonia (NH3),
and VOCs, as well as hydrogen sulfite (H2S). Currently, no federal standards regulate
agricultural NH3 and VOC atmospheric emissions directly, but NH3 can contribute to PM
formation (Pinder et al., 2007) and VOCs contribute to O3 formation (EPA, 2008).
The anthropogenic GHGs of greatest concern are carbon dioxide (CO2), methane (CH4), and
nitrous oxide (N2O). These gases have different potentials for trapping heat in the Earth’s
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atmosphere, known as global warming potential.11 Currently, the United States neither requires
mandatory reporting nor regulates total GHG emissions. At the state level, California became the
first state to regulate and mandate reporting of GHG emissions with Assembly Bill 32
(California Global Warming Solutions Act of 2006). This bill does not exempt GHG emissions
from the agriculture sector.
The Clean Water Act (CWA), passed in 1972 and significantly amended in 1977 and 1987,
provides the basis for the EPA to regulate point sources of pollution to surface waters using the
National Pollutant Discharge Elimination System (NPDES) permitting system. Except for certain
agricultural facilities, such as large animal feedlots, agricultural discharges are classified as nonpoint sources and therefore exempt from the point source NPDES permitting system. The 1987
amendments to the CWA recognized non-point source pollution (NPS) as a significant
impairment to U.S. surface waters and in response created, under section 319, the Nonpoint
Source Management Program. This program provides grant money to support the development
and implementation of technologies, educational programs, and most importantly funds for water
quality monitoring to determine the effectiveness of non-point implementation projects. Nonpoint source pollutants arising from agricultural production and addressed by this program
include nutrients, sediment, pathogens, and pesticides.
Agricultural NPS continues to be a significant impairment to surface water quality, as stated
in the 2004 National Water Quality Inventory Report to Congress (EPA, 2009b), where it was
identified as the leading source of water quality impacts to rivers and lakes. California has
implemented additional water quality regulations to address non-point sources from agriculture.
The Irrigated Lands Regulatory Program, administered by the California State Water Resources
Control Board (SWRCB), issues growers either waste discharge requirements (WDRs) or
conditional waivers of WDRs in order to regulate discharges from irrigated agricultural lands.
The program allows for irrigated discharges to occur, but under a condition of monitoring the
water quality of receiving waters and the implementation of management practices to correct any
impairments. In 2014, the SWRCB reported approximately 6 million acres and 40,000 growers
had been enrolled in the program.
Apart from payments for environmental services and regulations to control pollutants, several
other approaches encourage improved environmental stewardship. These incentive-based
methods include certifications of good environmental performance. Certifications may serve to
inform the consumer about invisible production process traits or to protect the farmer against
lawsuits for alleged poor stewardship. The USDA organic label is the best known of these, but a
wide variety of certifications of general agro-environmental stewardship and specific practices
exist, such as pesticide safety or groundwater protection (Greene, 2001; Segerson, 2013;
Waldman and Kerr, 2014).
METHODOLOGIES TO QUANTIFYING SYSTEM PERFORMANCE
This section identifies some relevant measurement and modeling methods used to capture
environmental effects. It describes general methods used to assess environmental effects with the
understanding of the difficulty in establishing clear cause and effect relationships without using a
combination of methods. Assessing environmental effects begins with determining how large
11

Global warming potential is a relative measure of how much heat a greenhouse gas traps in the atmosphere.
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BOX 4-1
Examples of Environmental Mitigation Interventions
LAWS/REGULATIONS
• The Clean Water Act
• The Clean Air Act
• Federal Insecticide, Fungicide, and Rodenticide Act
• Endangered Species Act
• Coastal Zone Act Reauthorization Amendments of 1990
• Safe Drinking Water Act
• Resource Conservation and Recovery Act
• Food Quality Protection Act
• Toxic Substances Control Act
• National Ambient Air Quality Standards
• Conservation compliance linked to crop insurance subsidies (Sodsaver Program)
VOLUNTARY (Incentive Programs)
• Agricultural Management Assistance (AMA)
• Conservation Reserve Program (CRP)
• Conservation Stewardship Program (CSP)
• Environmental Quality Incentives Program (EQIP)
• Agricultural Conservation Easement Program
• Healthy Forests Reserve Program (HFRP)
EDUCATION/TECHNICAL ASSISTANCE
• The U.S. Department of Agriculture (USDA) Natural Resources Conservation Service
NRCS Conservation Technical Assistance Program
• USDA state and locally funded Cooperative Extension offices

they are. Some environmental effects can be measured directly. Others are diffuse or hard to
observe, so they are measured indirectly, using indicators, or they are simulated using
mathematical models. Life cycle assessments (LCAs) are typically used to account for
environmental effects over the life of a product.
Datasets covering environmental effects are available from EPA, USDA, USGS, and privatesector sources (see Appendix B, Table B-3). U.S. surface water quality is tracked by the USGS
National Water Information System. Air quality and chemical toxins are tracked by the EPA’s
Air Quality System and ECOTOX databases. The environmental effects of farming practices are
tracked by the USDA’s Agricultural Resource Management Survey and NRCS databases, while
pesticide residues on food are covered by the USDA Pesticide Data Program.
Apart from the size of a direct environmental effect, it can be equally important to measure
feedbacks and repercussions elsewhere in the food system. Such feedbacks are generally
simulated using models.
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Direct Measurement
The direct measurement approach seeks to directly quantify causal relationships between key
ecosystem attributes and the entities selected for measurement (Lindenmayer and Likens, 2011).
An advantage of the direct measurement approach is that it can result in the development of
effective monitoring programs and successful implementation of management practices as long
as the entities directly measured are selected based on answering carefully designed questions
about the system being studied. For example, if a question is about whether surface run-off from
dairy production in a particular watershed is a source of Giardia or Cryptosporidium detected in
a local drinking water supply, then measurement of Giardia or Cryptosporidium at various
locations within the watershed would be the most direct and efficient method to answer the
question. Direct measurements, under situations such as this, are used to answer specific
environmental questions as long as adequate resources are available.
Although the direct measurement approach has its advantages, significant disadvantages
and/or limitations exist with its use in quantifying environmental effects. It is often costly, and
labor and time intensive. Moreover, it is frequently impossible to measure and evaluate all of the
environmental processes and factors needed to thoroughly quantify the system of interest
(Bockstaller and Girardin, 2003; Lindenmayer and Likens, 2011). Even with continued advances
in technology allowing for easier and more economical analyses of organisms and chemicals
(e.g., pathogens, pesticides, nutrients), some ecosystem evaluations, such as soil biodiversity,
require the use of alternative measurements that are easier and more cost effective to conduct
(Ekschmitt et al., 2003). Chemical and biological toxicity testing are commonly used to identify
pollutant(s) responsible for water quality impairments, but only after less expensive biosurvey
techniques, such as the EPA’s Rapid Bioassessment Protocols, detect a potential impairment
(Barbour et al., 1999).
Indicators
Indicators are used to detect and evaluate changes in environmental conditions in response to
environmental stressors. Environmental and ecological indicators measure a variety of
environmental parameters, including plant health (water stress, nutrient content, and pest
damage), biodiversity, ecosystem services, aquatic toxicity, soil erosion, emissions, and water
quality. The advantage of the indicator approach over direct measurement is that indicators are
generally more cost effective, require less time to obtain results, and respond predictably to
environmental stressors across space and time. Table 4-1 provides a sampling of the types of
indicators used to measure an environmental condition affected by the U.S. food system. Box 4-2
describes Daphnia as a biological indicator.
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TABLE 4-1 Example Indicators and the Associated Environmental Condition Monitored
Indicator

Condition of the Environment
Monitored

Sun-induced chlorophyll fluorescence (SIF)
Aquatic macroinvertebrates
Heat shock proteins in fish
Lichens and mosses
Visual and acoustic remote sensing of birds
Fecal indicators (such as E. coli)
Soil organic matter, pH, bulk density

Agricultural productivity, crop photosynthesis
Biological health of streams and rivers,
pollution, water quality
Thermal pollution of streams and rivers
Air pollution
Biodiversity
Water quality
Soil health

Remote sensing, geographic information systems (GISs), and global positioning systems
technology deserve special attention as they allow for the assessment of environmental
conditions on both a site-specific and a global scale through the frequent and reliable
measurement of a variety of environmental indicators. Atzberger’s (2013) review of advances in
remote sensing of agriculture highlights the potential role the technology could provide in
reducing the environmental impacts of the U.S. food system.

BOX 4-2
Daphnia, A Biological Indicator of Environmental Status
Indicator species are frequently employed to evaluate ecosystem integrity in response to
environmental stressors. Properly selected indicator species are sensitive to stressors and allow
for the integrity of the ecosystem to be examined in a timely and cost-effective manner
(Carignan and Villard, 2002). Some of the most common indicator species are those used to
examine the impacts of agricultural and non-agricultural activities on aquatic environments.
Daphnia, a genus of small freshwater crustaceans, is commonly used in water quality
monitoring due to its sensitivity to physical and chemical changes in the aquatic environment, its
important role in the aquatic food web, and its ease to cultivate under laboratory conditions. Its
wide use as an indicator species in freshwater systems also has created an extensive database
of acute and subacute responses to numerous environmental stressors, such as pesticides,
heavy metals, and sedimentation.

Simulation Modeling
Simulation models are used to estimate the size or probability of environmental effects that
are hard to observe. Simulation models that link multiple components of the food system can
also predict indirect effects, and dynamic models can capture feedbacks that lead to delayed,
indirect repercussions. When simulation models can be run in concert with random variables,
like weather data, they also can capture important environmental impacts that occur only under
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special conditions when a threshold is exceeded. An applicable example to use such a model is
predicting the impact of algal blooms. Harmful algal blooms are rare, but when heavy rains
washed agricultural phosphorus into the Maumee River and temperatures warmed up rapidly in
the summer of 2011, devastating consequences ensued for Lake Erie fisheries and beaches
(Michalak et al., 2013). The general uses of simulation models are described in Chapter 7, but
this section will survey important simulation modeling approaches used for environmental
impacts.
For environmental assessments, the two broad classes of simulation modeling are biophysical
and socioeconomic. There are ecosystem service models, such as InVEST developed by the
Natural Capital Project, that attempt to link biophysical and socioeconomic components in a GIS
context, which can be useful for evaluating alternative land-use and land-management scenarios.
Biophysical Models
Biophysical models vary widely according to the environmental media on which they focus
(soil, plants, animals, water, biodiversity, air, climate). They also vary in spatial scale (field,
watershed, airshed, globe) (see examples in Appendix B, Table 4).
Most water and air pollutants are either intermediate- or by-products of several basic
biochemical or geochemical reactions, namely decomposition, ammonification, nitrification,
denitrification, ammonium-ammonia equilibrium, ammonia volatilization, fermentation, etc.
Incorporating the basic reactions in the modeling framework is essential. Biogeochemical models
like DNDC (Denitrification/Decomposition) (Li et al., 2012) have been developed to simulate
those reactions for soil, livestock, and crop environmental emissions. Models like DNDC predict
water and air emissions under both aerobic and anaerobic conditions using theoretical concepts
(e.g., water and gas formation and transfer) along with empirical measured parameters that drive
these.
One important group of biogeochemical models predicts crop growth and associated
environmental consequences (EPIC, CENTURY/DAYCENT) (Gassman et al., 2005; Hanks and
Ritchie, 1991; Parton et al., 1987). These models draw parameters from a particular location on
soils and weather, and combine it with data on plant genetics and management methods to
predict crop growth and yields and the associated movement of key elements (especially carbon,
nitrogen, phosphorus) into the plant and in the surrounding soil. They are often linked to erosion
models (e.g., RUSLE2 [Revised Universal Soil Loss Equation 2] or WEPP [Water Erosion
Prediction Project]) or to hydrological flow models that predict where water carries eroded soil
sediments and dissolved nutrients (e.g., SWAT [Soil and Water Assessment Tool], GLEAMS
[Groundwater Loading Effects of Agricultural Management Systems]) (Arnold, 1998), allowing
aggregation of geochemical movements at the groundwater or surface watershed level.
Another important class of physical models simulates and predicts climate changes. At the
planetary level, general circulation models predict global climate changes at a decadal time step.
Such models are widely used both to test policy and technological scenarios to mitigate climate
change and to simulate conditions to which humans will need to adapt. Global climate forecasts
from the Intergovernmental Panel on Climate Change are frequently used to generate parameters
for agricultural models (such as those mentioned above) to simulate how to adapt food
production to projected climate change (IPCC, 2013).

PREPUBLICATION COPY: UNCORRECTED PROOFS

Copyright © National Academy of Sciences. All rights reserved.

A Framework for Assessing Effects of the Food System

4-24

A FRAMEWORK FOR ASSESSING THE FOOD SYSTEM

Socioeconomic Models
For environmental assessments, socioeconomic models aim to simulate human behavior and
how it affects the environment. The main economic models used in environmental assessments
focus on producers and markets. At local and regional scales, producer models tend to assume
that farmers maximize profits, taking prices as given (Weersink et al., 2002). However, largescale changes in producer or consumer behavior will trigger changes in prices, which are
captured in computable general equilibrium (CGE) models (discussed in Chapter 7). Major CGE
models used in agricultural environmental impact assessments include FASOM (Forest and
Agricultural Sector Optimization Model) and GTAP (Global Trade Analysis Project), both of
which have been used to estimate the effects of agricultural policies in the face of climate change
(Hertel et al., 2010; Schneider, 2007). The linking of economic and environmental models is
discussed further in Chapter 5 in the context of modeling complex feedbacks.
Life Cycle Assessment
Life cycle assessment is a methodology that describes environmental assessment of a product
or service (e.g., a kilogram of beef or lettuce) over its life cycle. Used for biochemical and
energy flows, it is based on inventory data of a product and the emissions to the environment at
each stage of the life cycle. The data on resources and emissions are measured and aggregated
over the whole life cycle and classified into specific environmental impact categories (e.g.,
climate change, acidification, eutrophication). The LCA arrives at values for each impact
category and the results are expressed per unit of the studied product (i.e., functional unit), which
is often expressed as mass of the product of a certain quality (e.g., carbon emissions per kg of fat
and per protein in milk). LCA is overwhelmingly applied to energy use and GHG emissions; for
example, GHG emissions have been closely studied in the dairy sector (Rotz et al., 2010). It is
noteworthy that until recently, hardly any consistency was observed for LCAs conducted even
within one sector of food production. For example, 21 peer-reviewed LCAs have been conducted
for the U.S. beef sector with a wide divergence of methodologies, making comparisons of
findings impossible. The most comprehensive cradle-to-grave LCA for the U.S. beef sector was
recently conducted by Battagliese et al. (2013). However, the lack of harmonization across
global LCA methodologies, especially for the livestock sector, has led the United Nations’ Food
and Agriculture Organization to conduct a 3-year project titled LEAP (Livestock Environmental
Assessment and Performance Partnership), which aims to develop one global ISO (International
Organization for Standardization) standard-compliant LCA methodology to ensure that
environmental assessments of the livestock sector follow a scientifically consistent method and
not individual bias. It is hoped that the resulting LEAP guidelines will be applicable to other
sectors of the food system to allow for a complete and fair environmental assessment of current
production processes and potential effects of mitigation.
SUMMARY
The U.S. food system depends heavily on the climate, soil, and water resources that allow a
highly productive and varied agriculture to flourish. The environmental effects of the current
agricultural system in the United States are positive and negative as well as intended and
unintended. Any assessment of the current system must recognize that agricultural production
systems may in many instances deplete natural resources of land and water, disturb ecosystem
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balance, involve the use of environmental contaminants such as pesticides and nitrogen that
pollute the natural environment, and present challenges to human health. At the same time, many
of these effects can be mitigated by management practices that promote soil and water
conservation, minimize nutrient and pesticide emissions, foster sequestration of carbon, and
allow appropriate manure disposal from animal feeding operations.
This chapter reviews the environmental effects of food production systems and discusses
their salient characteristics, along with drivers of human behavior that influence the
environmental impact of food systems, including both the perspectives of private producers and
broader societal goals.
Assessments of the environmental effects of food systems are often difficult to conduct
because there may be long distances between sites of pollutant discharge and the resulting
changes in the abundance and health of non-target areas or species. Nitrogen run-off and effects
on distant water ecosystems represent an example of such effects. Similarly, long delays may
occur before the effects of some pollutant discharges become evident, with nitrate impacts on
groundwater as an example. Webs of interconnectivity among species that are affected by
pesticide use also may occur, but not be readily apparent. Ignoring indirect effects of agricultural
practices that are expressed through multiple species may have serious long-term implications.
The pathways by which a food system leads to environmental effects display characteristics
of complex systems, in that they are dynamic and adaptive, are subject to lags and feedbacks,
and include many interdependent actors. As this chapter makes clear, the environmental effects
of food systems are intertwined with health, social, and economic domains. Measuring
interdependencies within and among these domains presents analytical and modeling challenges
that require special methods. Chapter 6 elaborates the characteristics of complex systems and
Chapter 7 describes analytical methods that are appropriate for assessing the environmental
effects of food systems.
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5
Social and Economic Effects of the U.S. Food System

As with the environmental and health indicators discussed in earlier chapters, most social and
economic outcomes reflect complex causal processes, and can vary widely based on time period,
spatial organization, market conditions, regulatory forces, and adaptive mechanisms of actors in
the system. In this section, we outline major classes of social and economic effects that can be
linked to characteristics of the U.S. food system, and present summary information about the
overall performance of the system. We focus on three broad classes of social and economic
effects:
•
•
•

Levels of income, wealth, and distributional equity;
Broader indicators of quality of life, such as working conditions, job satisfaction, and
freedom of choice to pursue taste and lifestyle preferences; and
Associated impacts on worker health and well-being.

Affected individuals fall into three groups: (1) people involved directly in agricultural food
production (e.g., farmers); (2) people involved in the rest of the food system (e.g., processing,
manufacturing, food service, and retailing); and (3) consumers. Food production, processing, and
availability also can affect community-level measures, such as economic growth and social
infrastructure.
Although social and economic dimensions of effects are distinct, they are more closely
interrelated than other dimensions. For this reason, we are presenting them in one chapter. This
chapter begins with an overview of the social and economic impacts of the food system on key
sectors of the food system. To discuss these impacts, select data sources and metrics are
described. Tables B-1 through B-4 in Appendix B provide more details on these data sources.
The committee has focused in this chapter on market-based economic effects, including
measurable changes in the financial well-being of key actors in the food system and broader
indicators of market performance by sector (e.g., output, efficiency), but it did not attempt to
estimate non-market economic values for social impacts. However, a discussion of non-market
valuation methods for environmental effects is included in Chapter 4. In addition, while the
chapter identifies the importance of capturing differential impacts on distinct social groups (e.g.,
women, minorities, immigrants), the committee did not review the moral and ethical or legal
aspects of different outcomes. Consideration of whether particular types of social and economic
PREPUBLICATION COPY: UNCORRECTED PROOFS
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effects are better than others should be guided by the best available information about those
effects, and the cultural, political, and ethical views of stakeholders and decision makers.
POTENTIAL SOCIAL AND ECONOMIC EFFECTS ON THE FOOD PRODUCTION
SECTOR
Income, Wealth, and Distributional Equity
The food production sector includes farmers, ranchers, fishers, hired workers, their family
members, and residents in the communities in which these individuals reside (primarily, but not
exclusively, rural or small town). Occupations in this sector involve planting, caring for, and
harvesting raw food items, livestock, and seafood (FCWA, 2012). About 40 percent of the U.S.
land area is used for farming, with 2.1 million farm operations generating nearly $400 billion in
sales (55 percent from crops and 45 percent from livestock) and more than $100 billion in net
farm income in 2013 (USDA, 2014b; ERS, 2014i).
Taken as a whole, the U.S. farm sector has experienced remarkable growth in output, rising
by 2.5 times over the past 60 years (Figure 5-1). More impressive is the fact that this growth in
output has occurred with relatively little increase in the total combined use of factor inputs
(capital, labor, purchased inputs) (Wang and Ball, 2014). The increase in output can be attributed
mostly to an increase in the quality of labor, capital, and technology inputs. As a result the
“factor productivity” (the amount of output per unit of input) of U.S. farming has grown by an
average of 1.49 percent per year since 1948 (ERS, 2014a), although it has slowed noticeably
during the past 20 years, declining to significantly less than 1 percent over the most recent
decade. Declines in the rate of productivity increase have been linked to reductions in
agricultural research investments (particularly by the public sector) and possible biological yield
plateaus of major agricultural crops (Alston et al., 2009).
Interestingly, the mix of inputs used to produce growth in food output has changed
dramatically since the mid-20th century (Figure 5-2). Specifically, the use of labor has declined
by nearly 80 percent, the use of capital inputs has remained roughly the same (a decrease of 12
percent), and the use of purchased variable inputs has more than doubled. The mix of capital
inputs has also shifted, with land inputs slowly declining throughout the past 60 years, but the
importance of capital equipment growing rapidly through the 1970s, then declining in
importance in the latter 20th century. Finally, the use of fertilizer accounts for a significant
portion of the increased use of purchased inputs—growing nearly three-fold by the mid-1970s,
and then remaining at that level (with significant annual fluctuations) through 2011. It appears
that the reduced impact in productivity growth from a decline in the use of labor and land inputs
has been offset by the positive impact of increased use of other inputs (e.g., technology,
computerization, fertilizer, pesticide).
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operation
ns in 2012 had
h gross farrm sales below $10,0000, and these operations ttypically repported
net lossees from theirr farming business (US
SDA, 2014b ). Some of these farmss are operated as
hobbies by
b urban dw
wellers who are employeed in other ooccupations and rely on off-farm income
(Fernand
dez-Cornejo, 2007; Hopp
pe et al., 201
10). For farm
ms with less than $250,000 in gross sales,
nearly all of the ro
oughly $70,000 gross average hoousehold inccome comees from offf-farm
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employm
ment and uneearned incom
me (Hoppe et al., 20100). In the laatest estimatees from the U.S.
Department of Agricculture (USD
DA), roughly
y 60 percentt of off-farm
m income in farm househholds
comes from wages an
nd salary paayments to th
he operator oor other aduults in the household. Annother
20 percen
nt is derived
d from transffer paymentts (e.g., Sociial Security)) or interest and dividendds on
investmeents. Most off the remainiing portion is
i from non--farm busineess income (ERS, 2014bb). By
contrast, among com
mmercial farrms with grross sales grreater than $350,000, tthe average farm
householld in 2012 made
m
more th
han $200,000
0 in total inccome, with nnearly 75 peercent of thiss total
accounted for by net farm income (ERS, 2014b).

FIGURE 5-4 a. Farm operator hou
usehold incom
me. b. Averagee household iincome of fam
mily farms.
SOURCE
E: ERS, 2014b
b.

As th
he U.S. food
d system hass evolved, th
he overall eff
fficiency andd relative ecoonomic pow
wer of
each subsector in thee food supplly chain has shifted (Maarion, 1986; Reardon annd Timmer, 22012;
Sexton, 2000,
2
2013)). As discusssed in Chap
pter 2 (Figuure 2-5), thee farming seector receivees an
average of
o 17 percen
nt of the con
nsumer food
d dollar as ggross farm reeceipts, dow
wn from about 40
percent of
o consumerr food spend
ding in 1950
0 (Schnepf, 22013). The cchange prim
marily reflectts the
pronouncced shift to
oward food consumed away from home (wheere a higheer share of food
expenditu
ures cover th
he cost of prreparation an
nd service), bbut also refleects an increeased numbeer and
technicall sophisticatiion of proceessing and marketing
m
chhannels betw
ween farmerss and consum
mers.
Although
h a smaller fraction
f
of consumer
c
food dollars fl
flow into agrriculture, thee economic wellbeing off farm houseeholds has not
n always suffered. Laarge commeercial farmeers typically earn
incomes higher than
n the averagee U.S. houseehold, and m
many are weealthy. The largest and most
technicallly sophisticated farming
g operationss provide ann increasinglly large sharre of the nattion’s
output, and
a are betteer equipped to meet thee demands oof first line handlers annd processorrs (as
transactio
on costs aree lower when
n larger vollumes of connsistent quaality productt can be acqquired
from few
wer producerrs). Howeveer, changes in
i the structture of first handlers annd processorrs can
affect reeturns to some farmers. For exam
mple, in the highly connsolidated m
meat and pooultry
industry, the processors/manufaccturers can wield
w
both m
monopsony aand monopolly power. Thhat is,
they can
n set the priices they paay for supp
plies and thee prices theey charge foor their prooducts
(MacDon
nald, 2008). In this secto
or, payment for farmers’’ product has evolved innto a “tournaament
system” whereby po
oultry produ
ucers are paaid accordingg to their pproductivity relative to other
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farmers. In this system, farmers have much less certainty about the price they will receive at the
end of a season (Leonard, 2014). Other concerns with increased concentration of market shares
in the hands of few firms are the potential loss in competition and decline in the transparency of
markets. In the meat packing sector, a small number of firms control most of the business and
independent farmers (without production contracts from packing firms) can find it difficult to
access open and competitive markets for their livestock (Key and McBride, 2007; Marion and
Geithman, 1995; McEowen et al., 2002). Recent reviews of the literature suggest that adverse
impacts on meat prices or consumer welfare have been relatively small, but the distribution of
economic returns among different-sized actors or segments of the food supply chain can be
affected (Sexton, 2013; U.S. GAO, 2009).
Because many workers on U.S. farms are unpaid family members of farm operators, it is
difficult to determine the exact number of people involved in production agriculture. The 2012
Census of Agriculture estimated 3.2 million self-described “operators” on the nation’s 2.1
million farms (USDA, 2014b). Combined with unpaid family laborers and paid employees, a
recent study by the University of Minnesota’s Food Industry Center estimated a total of nearly 6
million workers in the farm sector, or 5 percent of the nation’s work force (TFIC, 2014). By
contrast, the Farm Labor Survey of the National Agricultural Statistics Service estimates that
roughly 2 million self-employed operators and family members work on the nation’s farms, and
slightly more than 1 million people are hired non-family farm workers (ERS, 2013b).
Although hired workers are a minority of the overall farm workforce, many farm operators
and family members do not work full time on their farms, and hired farm workers are now
estimated to contribute nearly 60 percent of total full-time equivalent labor on U.S. farms
(Martin and Jackson-Smith, 2013); their contributions are increasingly important (Henderson,
2012; O’Donoghue et al., 2011; Sommers and Franklin, 2012). Between 60 to 80 percent of
hired farm workers are employed on crop farms, most are foreign born, and more than half are
unauthorized to work in the United States (Martin, 2013; Wainer, 2011).
Hired farm workers in the United States tend to work for relatively low wages and for fewer
days a year than most of the U.S. workforce, which has led to chronic levels of
underemployment, unemployment, and poverty in many farm worker households. The vast
majority of hired crop workers are engaged in the fruit, vegetable, and horticulture industries,
where labor intensive crop management practices are still widespread. In 2010, the average hired
crop worker earned less than $10 per hour, and median weekly earnings were about two thirds of
the average U.S. wage or salary worker (Martin and Jackson-Smith, 2013). As a result, poverty
rates for farm workers are estimated at between 30 and 40 percent, among the highest of any
occupational category in the United States (Pena, 2010; USDOL, 2005). Poverty rates for noncitizen farm laborers are even higher, nearly triple that of citizen farm workers (Kandel, 2008).
Quality of Life
Farm Owners
Because economic returns to agriculture have generally been volatile and below prevailing
market rates of return to capital and labor (Cochrane, 1993), economists and sociologists have
long sought to understand the motivation of farm operators to persist in farming (Gardner, 2002;
Reinhardt and Barlett, 1989). Motivations to enter and remain in farming include a desire to
maintain a family tradition, be one’s own boss, work outdoors, and spend time with and teach
work ethics to one’s children (Barlett, 1993; Gasson and Errington, 1993).
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Concern is growing, however, that the high capital costs and uncertain economic returns
associated with modern agriculture have made it difficult for young farmers to successfully enter
the sector. The average age of U.S. farmers has risen from 50 in 1978 to 58 in 2012, and a
diminishing fraction of U.S. principal farm operators are younger than age 35 (Figure 5-5)
(USDA, 2014b). To some extent, this shifting demographic reflects the overall aging of the
population, but it also results from a steady decline in the rate of new farm entry and reduced
number of transfers of family farm businesses across generations over the past 40 years.
Although qualitative research on farm households in the United States consistently
underscores the importance of quality of life outcomes to farm sector dynamics, quantitative
indicators of positive quality of life effects on farmers and farm households are more difficult to
find. One indicator is the degree of decision-making control that farmer operators have over dayto-day work allocation or production practices. A major example is the steady rise of contract
production in U.S. agriculture, where production and marketing contracts now cover nearly 40
percent of U.S. production (MacDonald and Korb, 2011). In some livestock sectors—particularly
beef cattle, hogs, and poultry—the vast majority of production is marketed under contract. The
traditional spot market (non-negotiated) transactions by independent producers (Lawrence, 2010)
has shifted to marketing contracts to highly consolidated meat packing industry and, eventually,
to vertical integration (see Chapter 2 and below), which has both benefits and costs. Some of the
benefits from vertical integration are higher efficiencies and a reliable supply of product (“for the
integrators”) and more price certainty and aid with decisions about inputs and
planting/management strategy (for the farmers). Other benefits or costs vary by contract (ERS,
1996). Farmers, however, have lost some entrepreneurial autonomy and decision making power
over assets due to unbalanced relationships in bargaining power with agribusiness firms
(Stofferahn, 2006). For example, producers often assume most of the fixed capital investment
costs, but have less control over production practices and depend on the availability of future
contracts to survive (MacDonald and Korb, 2008; MacDonald and McBride, 2009). In addition,
independent farmers find it increasingly difficult to gain access to competitive cash markets for
their products (Key and McBride, 2007; Marion and Geithman, 1995; MacDonald and McBride,
2009; Sexton, 2000; Ward, 2007).
Farm Workers
Hired farm laborers face particularly difficult working conditions and experience a quality of
life that is well below that of most others in the U.S. population. Many farm workers live in
substandard housing and have relatively little control over their work schedule or labor practices.
About 15 percent of U.S. crop workers migrate from farm to farm to find continuous
employment (Seattle Global Justice, 2014). This can disrupt family structure and educational
experiences for children (Kandel, 2008).
As noted above, more than half of the farm worker population is foreign born, and many do
not have legal permission to work in the United States. The insecure citizenship and immigration
status of many farm workers often results in a lack of economic and political power and leaves
them vulnerable to exploitation (Hall and Greenman, 2014). Estimates from the Bureau of Labor
Statistics indicate that unions represent only 1.2 percent of all private-sector employees in
agriculture and related industries, and 1.8 percent of employees in food service and beverage
establishments (BLS, 2014c). Good estimates of the number of foreign born or illegal farmers
affiliated with unions are lacking, but groups such as the United Farm Workers of America,
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founded in 1962 by migrant farm laborer Cesar Chavez, are still organizing to improve working
conditions and wages for farm workers.

Number of Principal Farm Operators
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FIGURE 5-5 Age distribution of principal farm operators.
SOURCES: USDA, 2009, 2014b.

Women and Racial/Ethnic Groups
According to the 2012 Census of Agriculture, almost 83 percent of “primary” farm operators
are white and male in the United States (USDA, 2014b). However, women are the principal
operators of another 14 percent of all U.S. farms, up from roughly 5 percent in 1982 (Hoppe and
Korb, 2013). Moreover, when principal, secondary, and tertiary operators are counted, nearly 1
million women (of all races) were engaged in running U.S. farms in 2012 (30 percent of the
total) (USDA, 2014b). The role of women in U.S. agriculture has always been significant,
though their presence in official statistics has often underestimated their contributions because
until recently the Census only enumerated characteristics of the primary farm operator on each
farm (Hoppe and Korb, 2013).
Farmers from racial and ethnic groups that are historically underrepresented in farming have
also shifted in recent years. Historically, the number of African American farmers and
sharecroppers in the United States declined by 98 percent since 1920 (Banks, 1986), a trend that
is linked to political, economic, and cultural discrimination (Wood and Gilbert, 2000). More
recently, the number of farms owned by Hispanics, American Indians, African Americans, and
Asians all increased over the number owned by each of these subpopulations in 2007 (USDA,
2014b). The number of Hispanic-owned farms, in particular, has increased by 21 percent
between 2007 and 2012. Although the share of farms operated by women and these racial and
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ethnic groups have increased over time, many of these farms had sales below $50,000 (an
indication of smaller farms) (USDA, 2014b). Specifically, the percentage of farms that made less
than $50,000 was 91 percent for women-owned farms, 85 percent for Hispanic-owned farms, 92
percent for American Indian-owned farms, 94 percent for Black-owned farms, and 65 percent for
Asian-owned farms.
Rural Communities
The economic performance and quality of life for farm operators and hired farm workers can
be an important contributor for community life and well-being, particularly in rural areas where
farming is a major driver of local social and economic activity. Researchers know that rural
communities that rely most heavily on farming for their local economic base are more likely to
experience economic stagnation and population declines (Isserman et al., 2009). Growing farm
size and specialization of production may be associated with declining local purchasing patterns
and reduced landscape amenities that could attract non-farm development (Foltz et al., 2002;
McGranahan and Sullivan, 2005). Traditionally, family farming systems with relatively equitable
patterns of asset ownership and reliance on a family labor force have been linked to healthy
dynamics in community social arenas and local businesses (Goldschmidt, 1978; Labao and
Stofferahn, 2008; Lyson, 2004). Evidence also suggests that more diversified farming systems
can generate ecological and aesthetic landscape benefits and increase reported quality of life
(Deller et al., 2001; Flora, 1995; Santelmann et al., 2004).
Rural communities that host large farm worker populations often struggle to meet this
group’s unique social service and educational needs (Findeis et al., 2002). Farm worker towns in
the Central Valley of California experience some of the lowest per capita income, poorest public
services, and most stressed local fiscal conditions of any rural communities in America (Martin,
2009).
Health
Access to Health Care and Health Care Benefits
Farm operators and households Farm operators, and their families, like millions of
Americans, deal with issues related to accessing affordable health care as well as health and
safety considerations specific to this occupation. Patterns of health insurance coverage are
changing for most individuals and families in the United States with implementation of the
Patient Protection and Affordable Care Act (ACA).1 Presumably, farm households that lacked
access to affordable health insurance are now eligible to obtain coverage through the ACA. A
comprehensive report by the USDA found that, before implementation of the ACA, 9.3 percent
of all people living in farm-operator households did not have health insurance, a lower share than
in the U.S. population as a whole (ERS, 2014j). Households where farming was the primary
occupation, such as in the dairy industry, were the most likely to lack health insurance (ERS,
2014j). Farm households without access to employer-sponsored health insurance (typically from
non-farm work) paid an average of $6,000 annually in insurance premiums.
A large body of literature has documented unequal access to health care by individuals who
live in rural areas (Syed et al., 2013; Murray et al., 2006; Probst et al., 2007). Because most
1

Patient Protection and Affordable Care Act, Public Law 111-148, 111th Cong., 2nd session (March 23, 2010).
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farmers reside
r
in rurral areas, maany of them must travel significant distances to interact witth the
medical system. Ap
pproximately
y 60 percentt of farm-opperator houuseholds are located in rural
areas, wh
hich have kn
nown physiccian shortagees (Jones et al., 2009b). According to data from
m the
U.S. Dep
partment of Health
H
and Human
H
Services’ Healthh Professionaal Shortage A
Areas, 17 peercent
of the farrm populatio
on resides in
n shortage areas for prim
mary care acccess (HRSA
A, 2014; Jonnes et
al., 2009aa). Dental an
nd mental heealth care is also not easiily accessiblle to farmerss compared tto the
general population
p
(Jones
(
et all., 2009a). However,
H
pprior to the Affordable Care Act, farm
househollds had healtth insurancee coverage at
a about the ssame rate ass the generall U.S. popullation
(Figure 5-6).
5

FIGURE 5-6 Source of
o health insu
urance coveraage for farm aand U.S. persoons.
SOURCE
E: http://www.ers.usda.gov
v/data-productts/chart-gallerry/detail.aspxx?chartId=337728 (accessedd
Novembeer 24, 2014).

Farm la
aborers Migrant and seasonal farrm workers are distincct worker populations ((most
migrant workers aree foreign bo
orn, typicallly from Meexico and C
Central America, and livve in
S. born andd are permanent
temporarry housing, whereas seeasonal worrkers are prrimarily U.S
residents of a comm
munity) (Seaattle Global Justice, 20014). Both fface challennges in acceessing
social an
nd health caare services.. For instan
nce, few miggrant workeers are provvided with hhealth
insurancee. Lack of transportatio
on, inconveenient hourss, cost, langguage barrieers, and freqquent
relocation
n are other barriers (Seeattle Globall Justice, 20014). Delayinng care because of conncerns
related to
o immigratio
on status resu
ults in worseened health cconditions (B
Bail et al., 20012).
In ad
ddition to low
w wages, seasonal farm
m workers annd migrant w
workers rarelly have acceess to
importan
nt protection
ns such as worker’s compensatio
c
on (NCFH, 2012). Acccording to data
compiled
d by the ad
dvocacy gro
oup Farmwo
orker Justicce, only 13 states pluss the Distriict of
Columbia, Puerto Rico,
R
and the Virgin Islands reequire emplloyers to pprovide worrkers’
valent benefi
fits to migrannt and seasoonal workerss; this coveraage is
compensation insurance or equiv
optional in 16 statess (Farmwork
ker Justice, 2009). Thiss lack of cooverage is im
mportant beccause
orkers are siick or injureed, they do not receive compensatiion; workerss who miss work
when wo
also are likely
l
to losee their job. Most
M food sy
ystem workeers, includinng farm laboorers, do not have
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paid sick
k days or do
o not know if they do and have w
worked whenn sick (FCW
WA, 2012). NonAmerican
n citizens caannot obtain insurance un
nder the AC
CA, and becaause the foodd system empploys
so many undocumen
nted immigrants, they will
w remain ppart of the uuninsured poopulation (N
NILC,
2014). Im
mmigrants who
w are lawfu
ully present in the United States mayy receive onnly limited feederal
coveragee for health care
c (NILC, 2014).

FIGURE 5-7 Occupattional fatality
y rate, 2006-2009.
SOURCE
E: http://www.cdc.gov/niossh/programs/aagff/ (accesse d November 24, 2014).

Health an
nd Safety Eff
ffects
Agriccultural prod
duction has recognized
r
health
h
and ssafety risks. Modern agrriculture invvolves
the use of
o large mach
hinery and potentially
p
dangerous
d
aggrichemical iinputs. Farm
ming is one oof the
2
most hazzardous occu
upations in the
t United States
S
(McC
Curdy and C
Carroll, 20000; NIOSH, 22010).
From 2006-2009, thee occupation
nal fatality rate
r
for worrkers in agriculture, foreestry, and fishing
nificantly hig
gher than alll other indu
ustries (Figurre 5-7). Reccognizing thhe hazards inn this
was sign
industry, Congress in 1990 direected the Naational Instittute for Occcupational Safety and H
Health
(NIOSH)) to develop
p specific strategies
s
to
o address thhe high riskks of injuriees and illneess to
agricultu
ural workers and their families.
fa
Und
der the NIO
OSH portfoliio, the Agricculture, Foreestry,
and Fish
hing sector has
h a number of strateg
gic goals too guide reseearch and paartnership efforts
targeting
g priority areeas, includin
ng traumatic injury and hhearing losss (CDC, 2014b). Commeercial
fishing also
a
receivess specific atttention from
m NIOSH, as the fatallity rate of 124 per 1000,000
workers is well abov
ve the overalll fatality ratte among alll U.S. workeers of 4 per 100,000 woorkers
(NIOSH,, 2014).
Chem
mical-related
d exposures also are imp
portant, andd efforts are underway tto conduct bbetter
surveillan
nce of thesse exposuress, as episod
des of pestiicide-relatedd intoxicatioons are not well
captured in any nattional surveiillance systeem (Geiser and Rosenb
nberg, 2006; NIOSH, 22011).
Accordin
ng to Calvert and colleeagues (2008), the overrall incidencce of poisooning eventss was
53.6/100,000 farm workers
w
comp
pared to 1.38/100,000 fo
for non-farm
m workers. A
About one thiird of
2

In 2004, an
a estimated 9.2 injuries occu
urred every hou
ur on U.S. farm
ms, with a fatallity rate of neaarly 26 per 100,000.
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the affected workers were pesticide handlers and the rest were farm workers exposed to offtarget drift of pesticide applications or exposed to treated plant or animal material. A wide array
of signs and symptoms were reported (most of them low severity), with the most frequent being
nervous or sensory symptoms, gastrointestinal irritation, eye problems, and skin and respiratory
irritation. Acute poisoning is most frequent in processing and packing plant workers compared to
other workers in agriculture. The scale of the problem is not easy to track. California, where
large numbers of farm workers are employed, is the only state that requires mandatory reporting
of pesticide-related intoxications (Geiser and Rosenberg, 2006; NIH/EPA/NIOSH, 2014).
Although farmers have a lower incidence of smoking, cancer, and cardiovascular disease
compared to non-farm workers (Jones et al., 2009a), some evidence exists that they also
experience high levels of anxiety, stress, depression, and suicide (Fraser et al., 2005; Freire and
Koifman, 2013; Roberts et al., 2013). Respiratory disorders, dermatitis, and chronic pain
associated with muscle and skeletal damage are also common. Agriculture also is unique among
most industries in the significant levels of involvement of children and other family members
who work and live on farms, which can lead to additional health and safety risks. Agricultural
work may increase their risk of injury, illness, and exposure to toxic chemicals.
POTENTIAL SOCIAL AND ECONOMIC EFFECTS ON THE FOOD INDUSTRY
As noted in Chapter 2, the heterogeneous U.S. food and fiber system accounts for roughly 5
percent of the GDP (ERS, 2014e) and nearly one in five jobs in the United States (King et al.,
2012). The non-farm sectors of the food industry have become the most significant sources of
employment. In 2012 they contributed to approximately 90 percent of the economic value added
to the food products purchased by U.S. consumers (see Figure 2-6 in Chapter 2). The primary
functions of the non-farm sectors are to transport and transform raw agricultural products into
edible foodstuffs. These subsectors (see Figure 2-1 in Chapter 2) are the technology and input
suppliers, first line handlers and food manufacturers, wholesale/logistic suppliers, retail food
stores, and food service establishments. In addition, a secondary market exists for food recovery
in the form of food banks and food shelves plus the food disposal and waste sector.
Income, Wealth, and Social Well-Being of Workers and Communities
In this section, we highlight some of the differences in social and economic outcomes for
participants in each of the major post-farming subsectors of the U.S. food supply chain. These
sectors are highly interdependent, and changes in any one sector influence the performance of
other sectors as well as the price and availability of food. Competitive pressures within each
sector (and across sectors) have been major drivers of changes in technology and organizational
structure (e.g., consolidation, vertical integration, market expansion, and market differentiation).
These, in turn, drive economic efficiencies, opportunities and rewards to labor, and food options
to consumers.
A recent study by Robert King et al. (2012) provides an overview of the total and
heterogeneous employment opportunities and wages/benefits in each major subsector of the U.S.
food industry. They find that about 23 million workers are involved in food system jobs, with
average annual earnings of slightly more than $19,000 per year (less than half the average annual
income of all workers in the United States in 2007) (Figure 5-8). By far the largest number of
workers is found in the retailing and food service sectors, where annual average earnings tend to
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be low. Two subsectors—distribution/wholesale and waste recovery—have mean payrolls
slightly above the national average income of $41,525, followed by food processing and
manufacturing workers and input supply workers.
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FIGURE 5-8 Number of U.S. food industry employees.
SOURCES: King et al., 2012; data from 2007.

http://foodindustrycenter.umn.edu/prod/groups/cfans/@pub/@cfans/@tfic/documents/article/cfa
ns_article_404726.pdf).
Technology and Agricultural Input Sector
Farmers in the primary production sector, discussed above, obtain a wide range of materials
and services from the agricultural input sector. These inputs include seeds, chemicals,
equipment, animal health services, animal breeding/genetics, financing, and information needed
for modern commercial farming. As discussed in Chapter 2, over the past few decades, the
agricultural input sector has consolidated as a result of numerous mergers and acquisitions. Many
agricultural input firms are now global in scope, with diverse types of inputs integrated under
relatively few corporate umbrellas.
Structure and profitability of the sector Historically, many first line-handling firms as well as
input suppliers were organized as agricultural cooperatives that provided fuel, chemicals, seed,
and other inputs to their members. Members of a cooperative are paid a dividend annually that
depends on company profits. Cooperative organizations enabled many small producers to band
together to gain bulk discounts on farm input purchases and to find markets for their products.
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The total number of marketing, supply, and service cooperatives declined from 4,663 in 1990 to
2,549 in 2007 as cooperatives merged and farmers shifted to selling through other channels
(USDA, 2014a). Concomitantly, the number of members declined from 4.1 million to 2.5 million
as net sales rose from $77.3 billion to $127.8 billion. The average returns to the members in 2007
were more than three times as much as they were in 1990 (USDA, 2014a).
Globalization, technological innovation, and organizational restructuring have created
competitive advantages for large agribusiness firms with superior products that thrive with
economies of scale. In addition to providing inputs, many major agricultural input suppliers
contract with farmers to purchase their output. Closer coordination of production, processing,
and distribution in vertically integrated operations can lead to gains (e.g., increased efficiency,
more uniform food products, and reduced prices for consumers). Consolidation, however, can
lead to costs to the workforce (e.g., less employment opportunities in the sector) and to smaller
operations that might not have the resources to compete (see below).
Concentration of food and agricultural input firms can lead to shifts in market power and
affect the distribution of economic returns among food chain sectors (Myers et al., 2010; Sexton,
2013). Because larger firms generally incur more research and development costs than do most
small firms, they must recover these costs as well as capital, regulatory, labor, and other costs.
Because these larger firms also experience economies of scale, their ability to raise prices does
not always mean that they do raise prices. Moreover, when fewer firms operate in an industry
sector, they compete fiercely with each other, which can hold down prices to their customers
(Chung and Tostao, 2012; Sexton, 2013). However, in the case of agricultural input suppliers,
farmers are willing to pay higher prices if doing so results in greater yields on crops and
livestock or results in higher prices for better quality output. As shown in Figure 5-9, the prices
of most farm inputs rose more rapidly than the commodity prices received by farmers between
1990 and 2012 (Fuglie et al., 2012).
Workers As shown in Figure 5-8, this sector has relatively few workers compared to other
subsectors of the U.S. food supply chain. The average incomes of half a million workers in the
farm input sector are the third highest in the overall food industry at about $30,000 per year.
Given the global nature of many farm input companies, as well as the skills in chemistry and
biological systems needed, it seems likely that demand for workers with higher education levels
to fill these jobs will grow.
Communities Agricultural input industries have historically contributed to the economic health
and employment of rural communities, particularly when they are locally owned and managed,
or at least maintain production and sales operations in local trade centers. The restructuring of
the input industries has led to some consolidation of retail outlets (e.g., for farm machinery and
farm chemical inputs), and larger farming operations are known to source their inputs in bulk (at
a discount) at greater distances from non-local businesses (Foltz et al., 2002; Sfiligoj, 2012). The
net result of changes in the structure of both farming and farm input businesses has been to
diminish economic opportunities for locally owned agricultural input and supply businesses in
many rural communities, particularly those located further from industrial and transportation
centers (Drabenstott, 2000; Foltz and Zeuli, 2005; Kilkenny, 2010; Lambert et al., 2009).
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FIGURE 5-9 Agriculttural input prices.
SOURCE
E: Fuglie et al.., 2012.
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shares in the hands of few firms can also lead to potential loss in competition and decline in the
transparency of markets (see above).
Food processors and manufacturers tend to be large corporations and many are multinational
in scope. They are focused on learning consumer preferences and designing foods to increase
their market share. Food and beverage plants in the United States are widely distributed
throughout the country, but some areas have seen a decrease in numbers since the 1980s
(Edmonson, 2004; ERS, 2014c).
The food processing and manufacturing sector ships about 14 percent of the value shipped by
all U.S. manufacturing plants (ERS, 2014c). Food processors and manufacturers are constantly
adapting to feedback from retailers’ sales and orders. As shown in Figure 2-6 in Chapter 2, food
manufacturing adds about 16 percent of all value added in the food supply chain, the second
highest amount after the food service sector. In 2011, processing and manufacturing of meat
products composed the largest part of that value added by food manufacturers (17 percent),
followed by beverages (16 percent), bakery and tortilla products (11 percent), fruits and
vegetables (10 percent), and dairy products (10 percent) (ERS, 2014c). The U.S. Census reports
14,487 food processing and manufacturing companies, including 1,510 meat and 421 poultry
companies, 3,097 beverage companies, 2,813 bakeries, 1,798 fruit and vegetable preserving
companies, 1,007 dairy firms, and 4,050 soft drink manufacturers in 2011 (U.S. Census Bureau,
2014).
Workers Overall, the food processing and manufacturing subsector employs 1.5 million
workers. This represents 14 percent of the total manufacturing sector workforce and about 1
percent of the non-farm labor in the United States. Thirty-two percent of these workers are in the
meat processing sector, 9 percent are in dairy product manufacturing, 17 percent are in bakery,
and 11 percent are in fruits and vegetables (ERS, 2014f). The payroll per employee in the meat
and poultry sectors was $41,000 and $29,000, respectively, in 2011 (U.S. Census Bureau, 2014).
The payroll per employee in grains and oilseed milling is higher than the national average at
$73,000 per year. The payroll per employee in the fruit and vegetable processing sector was
$57,000 in 2011 (U.S. Census Bureau, 2014).
Census statistics report that U.S. food manufacturing establishments had an average of 2,661
employees per establishment (plant), with a payroll per employee of $53,090 in 2011. Thirteen
percent of the sales receipts were dedicated to payroll in the food manufacturing sector (U.S.
Census Bureau, 2014). U.S. manufacturers overall had an average of 2,102 employees per
establishment, with an average payroll per employee of $70,000 (U.S. Census Bureau, 2014).
A typical hourly wage worker in a food manufacturing plant earned approximately $12.50 to
$14.00 in 2013 (BLS, 2013). At $13.00 per hour, a full-time worker would make an income of
$27,040 per year. Plants use a mix of skilled and unskilled labor, though even unskilled workers
must be familiar with handling animals, foods, heavy equipment, and/or computerized
equipment. Skilled labor requires some formal education in food science, chemistry,
management, and marketing.
A recent survey of 2,456 food scientists and technologists, 66 percent of whom were
employed in the food industry, shows a median salary of $90,000 in 2013. These employees have
degrees in higher education, such as bachelor’s or graduate degrees. About 90 percent reported
receiving health insurance and a retirement investment plan (Kuhn, 2014). This illustrates some
of the more attractive employment opportunities in this industry. In contrast, this industry also
has many part-time workers making minimum wages.
PREPUBLICATION COPY: UNCORRECTED PROOFS

Copyright © National Academy of Sciences. All rights reserved.

A Framework for Assessing Effects of the Food System

SOCIAL AND ECONOMIC EFFECTS OF THE FOOD SYSTEM

5-17

Worker health and safety Food processing workers tend to work in manufacturing facilities
and operate equipment that mixes, cooks, or processes ingredients used to manufacture food
(BLS, 2014b). The meat and poultry slaughtering and processing industries have long been
associated with a high rate of injuries, fatalities, and illnesses (OSHA, 2014). Processing workers
are typically exposed to noise, as well as extreme heat for workers interfacing with cooking
machinery or extreme cold for employees involved with frozen or refrigerated goods. Workers
are usually standing for most of these shifts and needing to stretch and reach to clean or operate
large equipment. Musculoskeletal injuries, especially low back pain, are therefore a major
problem. Injuries related to repetitive motion also are significant, especially in processing plants
where employees are working the line and have to conduct the same motion repeatedly during a
single shift. Other risks include hazards on the plant floors that increase the risk of slips, trips,
and falls.
Communities Because community social and economic well-being is influenced by a wide
range of factors, it is often difficult to link community outcomes with the presence or absence of
any single business or firm. Because they have relatively small and less diversified economies,
rural communities are more affected by changes in local business or employment opportunities.
One recent example of this type of change is the dramatic shift in the location of meat processing
plants from major urban areas to rural towns during the 1980s and 1990s, which has been linked
to a wide range of social and economic impacts (Artz, 2012; Stull et al., 1995).
Wholesale and Logistic Suppliers (Distribution Subsector)
This sector of the food system provides the transportation and warehousing of food and
agricultural products between the other sectors. It involves warehousing, trucking and other
transportation, and procurement services. This sector is critical to the availability of food in
remote areas and in cities far from production location. It also is vital to global trade.
Structure of the sector The total number of companies in the wholesale business related to
food, beverage, and agricultural products was 3,810 in 2011 (U.S. Census Bureau, 2014).
On the food service side, traditional wholesalers still dominate because they serve many
small retail enterprises with specialized orders. The agricultural input sector also has
wholesalers. Nine percent of the wholesale companies listed in the Census data deliver farm
supplies and another 9 percent deal in raw farm products destined for processors (U.S. Census
Bureau, 2014).
Not traditionally counted among the wholesale sector are the numerous food banks that act as
wholesalers to food shelves around the country. The largest non-profit wholesaler in this
business is Feeding America and its members, such as Second Harvest Heartland. Feeding
America has 200 member food banks that collect food and redistribute it to food shelves, soup
kitchens, and other charitable feeding establishments in every county in the United States. In
2013, they distributed more than 3,878 million pounds of food (Feeding America, 2014a). This
amount is only .06 percent of the total edible food listed in Figure 2-2, but it provides more than
3 billion meals a year. In addition to the additional meals provided, food companies and
individuals who donate food or cash receive a charitable tax deduction and companies save waste
disposal costs.
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Workers Wholesale companies related to food and agricultural products employ at least
357,790 people, an average of 78 per establishment (U.S. Census Bureau, 2014). They are
among the higher paid workers in the food industry, with an average payroll per employee of
$57,000. Six percent of sales receipts is dedicated to payroll in the wholesale sector.
The skills required in the wholesale sector are heterogeneous, from laborers to truck drivers,
forklift operators, warehouse managers, computer programmers who optimize the efficiency of
loading trucks and truck routes, sales and procurement experts, and food safety experts (e.g.,
cold chain managers). The distribution of wages across all these types of workers varies
according to their skills, the alternative market for their skills, and where they are located in the
country. In addition, Feeding America reports using 8.6 million hours of volunteer labor in 2013
(Feeding America, 2013).
Worker health and safety A significant component of distribution involves transportation, in
addition to warehousing (FCWA, 2012). The health and safety risks faced by these workers,
especially those involved in warehousing, are repetitive motion and lifting. Warehouse workers
have the highest rates of chronic debilitating injuries due to repetitive motion, bending and
squatting, and improper lifting techniques (Free Library, 2014). Safety reports indicate a lack of
personal protective equipment among these workers, which places them at risk of injury by
allowing exposure to injury-producing hazards. Workers load most warehouses and trucks with
forklifts that alleviate heavy lifting, but the speed of operation in closed spaces is a potential
hazard. Because distribution involves the transport of goods, motor vehicle crashes are a
significant cause of death and injury. Motor vehicle-related crashes are the leading cause of
work-related fatalities in the United States (CDC/NIOSH, 2014). Truckers who haul food
products are exposed to all the hazards of trucking, including stress and fatigue due to routes and
schedules, illness, night driving, and risk of back injuries from heavy lifting.
Retail Food Stores
This subsector includes traditional grocery stores and, increasingly, the large box retailers
who sell food as part of a vast mix of general merchandise. Retail stores also include
convenience stores and a host of newer venues, such as drug stores, gas stations with
convenience stores, specialty foods, and online food companies. Retail food stores had a total of
$742.3 billion in sales in 2013. Food sales in retail stores represent 53 percent of all food sales of
$1.4 trillion, with the rest of food sales taking place in some form of food service establishment
(ERS, 2014d).
Structure of the sector Due in large part to price competition from “big box” stores, stores in
this sector have been consolidating to adapt to information and transportation technologies that
allow them to minimize in-store inventories. New strategies to attract and hold customers began
in the mid-1990s. They involved using information technologies to track customer purchases,
instituting loyalty programs, and lowering prices and/or finding market niches that larger stores
do not fill. Competition was fierce and the structure of the retail industry began to bifurcate into
big companies with generally lower priced goods and companies specializing in smaller stores
with specialty products and services at higher prices. In the big box stores, lower food prices can
be sustained because they are balanced by more profitable sales of general merchandise. The
volume and velocity of turnover of foods that move through retail food stores calls for efficient
logistics, efficient aggregation and analysis of data, and energy savings in transportation. It
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facilitates great buying power, including the power to dictate product quality and safety
specifications, quantities, timing, and price. Suppliers are obligated to adapt to the demands of
large retailers. For example, roughly one third of all products sold by major manufacturers are
sold through the largest retail company in the United States, which is also the second largest
publicly traded company in the world. Retailers are increasingly buying products with their own
brand label, further diminishing the market power of food manufacturers with national and
international brand names.
Large food retailers (those with more than 100 stores) have developed their own distribution
warehouses, cutting out the wholesaler for most products. This enables them to cut costs and
compete on price. Nationally, prices at discount stores are 7.5 percent lower than at traditional
grocery stores, which puts price pressure on all retail food sellers (ERS, 2014h).
Workers Overall, 56,786 retail food and beverage companies employ more than 2.4 million
people, for an average of 43 people per establishment (U.S. Census Bureau, 2014). These
employees include stockers, checkers, and managers. This sector also includes workers who
cook and prepare food for bakeries and delis within the retail outlets, as well as those who clean
the facilities (FCWA, 2012). The payroll per employee is $25,600, or 19 percent of sales
receipts. Payroll per employee is lower than in retail businesses in general, where payroll per
employee is $28,000 or 11 percent of sales receipts (U.S. Census Bureau, 2014).
The labor in this sector is not generally highly skilled except for management. Although the
ubiquitous nature of retail food stores provides employment opportunities in most communities,
wages tend to be near minimum wage for many workers. The average earnings of $25,600 is 114
percent of the U.S. poverty level for a single person in 2014 and almost equal to the poverty level
of $23,850 for a household of four people (HHS, 2014).
Worker health and safety Jobs in retailing involve heavy lifting and the use of potentially
hazardous equipment, which places workers at risk of back injuries and lacerations or
amputations. In addition, psychosocial factors, such as work-related stress and shift work, are
important considerations for these employees.
Food Service Establishments
This sector includes individually owned restaurants, mid-priced chains, quick service (fast
food) establishments, hotels, and beverage establishments. They cater to the tastes of their
particular customers and are often leaders of food innovation. Also in this sector are institutional
food service establishments such as schools, hospitals, prisons, food (soup) kitchens, and Meals
on Wheels.
Structure of the sector The food service sector has at least 125,951 companies and
approximately 4 million employees. It employs an average of 32 people per establishment;
payroll is more than 27 percent of their sales revenue (U.S. Census Bureau, 2014). It is a laborintensive business, mostly because it is largely a service business with few opportunities to
substitute capital for labor. The cost of the food in most food service places is no more than one
third of their total costs.
In 2013, 47 percent of all food sales were in this sector, consistent with the division of sales
over the past several decades (ERS, 2014g). As data from USDA’s Economic Research Service
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occupational injuries of young workers treated in emergency departments from 1998 to 2006 was
approximately two times higher than among workers ages 25 and older (CDC, 2014c). In
addition to these hazards, inexperience and lack of safety training also may increase workplace
injury risks for young workers (CDC, 2014c).
Many food service workers also report having no access to paid sick days. One survey of
more than 600 food system workers in the United States found that only 21 percent confirmed
they had paid sick days (the rest either did not have them or were unaware if they had them)
(FCWA, 2012). Reports also have documented working long hours and the inability to take
breaks because of a need to maintain the output demands (CDC, 2014a). Employees who work
with food when infected by norovirus or other contagious illnesses can spread disease to others
by easily contaminating food and drinks that are touched. Because of the lack of sick leave, food
service workers have an economic incentive to return to work as soon as possible. Food
establishments are generally very busy, and not showing up during a busy time (e.g., holidays
and weekends) can potentially lead to losing a job.
Overall Worker Well-Being in U.S. Food System
Poverty and injustice in the food system has been described in the literature for centuries
(VanDeCruze and Wiggins, 2008). Evidence shows that 40 percent of food industry jobs provide
a wage at the federal poverty level; only 13.5 percent of the jobs provide wages that yield an
annual income at 150 percent of the poverty level (FCWA, 2012). As the previous sections of
this chapter have described, some food system workers receive a livable wage, but many do not
and they have little or no career mobility in these jobs. Estimates from 2010 indicate that median
hourly wages for employees in U.S. food industry sectors vary slightly by segment (median
hourly wages of approximately $9.00 to $13.00 for workers in production, processing,
distribution, and services), but incomes for positions within the sectors vary greatly (Kelly et al.,
2012). For example, of the top 100 chief executive officers in the United States, 8 are from the
food system and their total salaries in 2012 equaled that of more than 10,300 food service
workers (FCWA, 2012).
Among the top five companies taking the lead globally with promising policies and
programs, four are European companies. This suggests that U.S. companies can learn important
lessons about promoting fair wages, mobility, and other social and economic advancements for
food system workers (Kelly et al., 2012). Fortune magazine publishes an annual list of the 100
best companies to work for in the United States. In 2014, three grocery companies, two
restaurant chains, and two food manufacturing companies were on the list. Among these seven
companies, average salaries ranged from $115,007 to $45,684, while the average hourly
workers’ annual wage income ranged from $26,240 to $52,318. Of note, none of these
companies offered wage benefits or paid for health insurance, but amenities that employees
praised were flexible work hours, training and upward mobility in the company, onsite child care
and fitness centers, or paid health club benefits (Fortune magazine, 2014).
Food Company Performance and Contribution to the Economy
Two measures of the performance of companies are size and profitability. The Fortune 500 is
an annual list of the top 500 publicly traded companies registered in the United States with U.S.
operations. This list does not include privately held companies in any industry, but it serves to
compare food firms to firms in other U.S. industries. Firms are ranked by total revenue, and
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profitability also is reported (Fortune magazine, 2014). The profitability of each of these
companies indicates their contribution to the economy in general and to the wealth of their
stockholders as well as the stability of employment for their employees. For 2013, 39 of the top
500 companies were in the food industry. Annual revenue of these 39 food companies ranged
from $6.5 to $469.3 billion. Table 5-1 shows the distribution of Fortune 500 food system
companies across the food supply chain. The most numerous firms represent the food
manufacturing and retail food sectors.
TABLE 5-1 Number of Food and Agriculture Firms in the Fortune 500 List, Ranking by Total
Revenue and Profitability

Agricultural input firms
Food manufacturing
Food wholesale & distribution
Retail food companies
Food service

# of
Firms in
Fortune
500
2
18
4
10
5

All food system companies
SOURCE: Fortune magazine, 2014.

39

Ranking
Range in
Fortune 500
High Low
27
69
43
452
65
500
1
378
111
328
27

Profits as % of Revenue
Average Low
High
2.0
6.7
-2.0
19.0
2.0
-2.0
5.0
2.6
-3.0
6.0
10.0
1.0
20.0

600

In general, the largest profits are found in the food manufacturing sector, primarily among
large multinational companies and in the food service sector. Economic returns to manufacturing
companies and their investors are larger than in most other sectors partly because this sector has
relatively high concentration through merger and acquisition and global markets. In the food
service sector, consumers pay for experiences and convenience as well as food; several of the
chain operations operate on a global scale.
Trends that mitigate the profits in this sector are fluctuating raw commodity prices and the
trend toward private retail store labels instead of (inter-) national brands. Rising commodity
prices are often hedged forward to reduce uncertainty and smooth out manufacturing costs and
wholesale prices of product. Food manufacturers that are producing the products are skilled in
selling them under various private labels to mitigate competition from other private store labels.
Wholesalers are perhaps the most vulnerable sector and struggle for profitability as retailers
contract directly with processors to deliver product to stores and/or set up their own distribution
centers and logistics operations. The exception to this is in the wholesale business for the food
service sector.
Retail food stores traditionally struggle for profitability mostly because of fierce horizontal
competition. Many stores go out of business as consumers seek the lowest prices for
homogeneous products or unique shopping experiences and products in upscale stores. The
bifurcation of retailers has been occurring since the 1990s, with the big box stores on one side
and unique food offerings like organic and total private labels on the other. Retailers that try to
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supply middle-of-the-road grocery stores are disappearing. Profits on grocery store sales are
traditionally stated as 2 percent, meaning they operate at very small margins (FMI, 2013).
POTENTIAL SOCIAL AND ECONOMIC EFFECTS ON U. S. CONSUMERS
Perhaps the primary indicator of social and economic success in any food system is the
ability to provide a population with an abundant supply of affordable, safe, high-quality, and
nutritious food. This review suggests that the U.S. food system meets these goals most of the
time for most people, but significant diet-related disease (see Chapter 3) and food insecurity
point to areas needing improvement. Researchers have understood for decades that all of the
decisions made regarding food, purchasing, and consumption depend on multiple variables.
These include the communities in which people live, the food available in those communities,
the influences to which they are exposed such as advertising and marketing, and their beliefs
about the environment, farming, globalization, and many other factors. The food system is
dynamic and the changing eating habits and cultural and environmental dispositions among U.S.
consumers over the past several decades signal a shift in preferences. This shift will be necessary
to assess in future decades.
Food Costs and Expenditures
Compared to other social and economic variables, income arguably has the strongest
marginal impact on dietary behavior: higher income households spend more for food and eat
higher quality diets, and lower income households buy more generic brands and discounted
foods (Contento, 2010) and prepare more of their food at home. In 2009, the lowest quintile
households spent $3,500 on food, while households in the highest quintile spent more than three
times that at $10,800 (BLS, 2010). However, those in the lowest quintile of income spend a
much higher share of their total income on food (nearly 35 percent in 2012) than do those in the
highest quintile (7 percent) (BLS, 2014a) (Figure 5-11), despite the fact that over the past 50
years, the average share of income spent on food has fallen from approximately 18 percent to
approximately 10 percent (ERS, 2013a).
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FIGURE 5-11 Food expenditure
e
by
y income. 1 = Total popul ation; 2 = Lowest income quintile; 3 = 2nd
income qu
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h income quinntile; 6 = Highhest income qquintile
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E: BLS, 2014aa.
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FIGURE 5-12 Consum
mer Price Ind
dex for food.
SOURCE
E: Volpe, 2013
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d Access
Mostt U.S. houseeholds are food
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annual national
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(10.6 milllion) were described
d
ass having low
w food securrity (reports of “reducedd quality, vaariety,
or desiraability of diet, with littlle or no ind
dication of reduced foood intake”) (USDA, 20014c).
Another 5.7 percent of
o household
ds (7 million
n) were descrribed as havving very low
w food securrity in
he food intak
ke of some household members “w
was reducedd and normaal eating pattterns
which th
were disrrupted at tim
mes during th
he year due to limited rresources” (C
Coleman-Jennsen et al., 22013,
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bout 10 perccent of U.S. householdss that had chhildren weree classified aas food inseecure.
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valence of food
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wer in the yeear 2000 thaan it is now
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increased
d in 2007-20
008 as the reccession startted and has bbeen essentiaally unchangged since theen. In
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2 percent of households with childreen were veryy low food iinsecure som
metime durinng the
year (Colleman-Jenseen et al., 2013).
Food
d insecurity is determined
d by multiplle variables. One of the m
most importtant is incom
me; 40
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o household
ds with incom
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han the federral poverty llevel are foood insecure, w
while
only 7 percent
p
of households
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with
w
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insecure (Coleman-JJensen et al.., 2013). Ho
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or (Ma et al.,, 2008). Otheer characteriistics that coorrelate withh food
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Economic Research Service found that three national-level economic measures—changes in
unemployment, inflation, and the price of food—accounted for 92 percent of the year-to-year
variation in the national prevalence of food insecurity from 2001 to 2012 (Nord et al., 2014 ).
Numerous studies have shown that food insecurity increases the risk of a range of health and
psychosocial problems among children, adolescents, and adults (Gundersen and Kreider, 2009;
Huang et al., 2010; Kirkpatrick et al., 2010; Nord, 2009; Seligman et al., 2007; Seligman et al.,
2010; Whitaker et al., 2006). Children who are food insecure have increased risk of asthma,
cognitive impairment, and behavioral problems; have lower math scores; and are twice as likely
to repeat a grade and three times as likely to be suspended from school as children who are food
secure (Alaimo et al., 2001). Teens who reported being food insecure were found to be twice as
likely to suffer from depression and five times as likely to commit suicide as food secure teens
(Alaimo et al., 2002; Ashiabi, 2005). Food insecure adults have an increased risk of heart disease
and depression or anxiety (Seligman et al., 2010; Whitaker et al., 2006) and, under the most
severe levels of food insecurity, adults have more than twice the risk of diabetes compared to
those who do not experience food insecurity (Seligman et al., 2007). Furthermore, diabetic
individuals have more difficulties following a diabetic diet and need more medical attention if
they are also food insecure (Nelson et al., 2001; Seligman et al., 2012). Due to these individuallevel consequences, low food security also raises societal costs of providing education (e.g., due
to higher educational investments needed when children are unable to learn because of food
insecurity) and health care (Brown et al., 2007).
It is argued that food insecurity is a market failure that occurs when private markets do not
provide enough food even when the benefits of providing it outweigh the social costs (Rocha,
2007). Food itself is a private good, but food security is a public good, so the government has
stepped in to help alleviate some of the problem. Approximately 60 percent of food insecure
households participate in one or more government nutrition or food programs (Feeding America,
2014b). These programs, such as the Supplemental Nutrition Assistance Program (SNAP),
School Lunch Program (SLP), and the Special Supplemental Nutrition Program for Women,
Infants and Children (WIC), contribute to better food security for low-income households,
increase revenue to producers and processors, and reduce expenditures on other public services
(Kinsey, 2013). In 2013, more than 47 million individuals received SNAP benefits. About 70
percent of participants are families with children and more than 25 percent are households with
seniors or people with disabilities (CBPP, 2014). In the same year, for the first time, working-age
people made up the majority of households receiving benefits (Yen, 2014). It should be noted
that the multiplier effect of SNAP is quite substantial. Taking into account direct and indirect
effects, $1 billion of retail food expenditures by recipients generates $267 million in agricultural
production, $87 million in value-added processing, and nearly 3,000 food and agricultural jobs
(Hanson, 2010).
Even with their SNAP benefits, the typical food insecure households purchased significantly
less food than typical food secure households of the same size and composition in 2012
(Coleman-Jensen et al., 2013). Some of the difference can be explained by three critical barriers
that constrain the ability of SNAP payments to guarantee good nutrition among low-income
households: (1) a lack of time to prepare foods requires the purchase of value-added or prepared
foods in many situations, (2) limited access to outlets (e.g., supermarkets and big box stores) in
many areas hampers the ability to purchase nutritious foods at a reasonable cost, and (3)
substantial variability in food prices by geographic region means that people living in high-cost
areas benefit less from SNAP payments than those in low-cost areas (IOM, 2013). In addition,
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the assumptions used to calculate food stamp benefits do not account for changes in other
expenditures, such as those for housing that have increased considerably over past decades,
resulting in less money available to purchase adequate diets.
A corollary to food insecurity is limited food access, which has been defined as the inability
to purchase nutritious, affordable foods within a prescribed distance from home. There are
several different food access issues: a lack of supermarkets in low-income areas; a lack of
transportation to supermarkets or superstores; and an abundance of smaller stores, which charge
higher prices and carry few healthy foods (Ver Ploeg et al., 2009). This spatially complex
phenomenon was first described in Great Britain as a “food desert” and defined variously as a
situation where people live more than a certain distance from a supermarket and do not have
access to a vehicle (Cummins and Macintyre, 1999). The findings from a study of the problem
by a large team of researchers and policy analysts from several USDA agencies suggest that the
terminology of food desert is not accurate or useful in many cases (Ver Ploeg et al., 2009). In
fact, the USDA analysis found that access to a supermarket or a large grocery store is a problem
for only a small percentage of low-income households in low-income areas (about 4 percent of
the total U.S. population, many of them in rural areas). Also, low-income households shop where
food prices are lower when they can. Eighty-two percent of SNAP benefits were redeemed at
supermarkets or large grocery stores in 2012 (CBPP, 2014). More recent research has found that
in many places around the United States, low-income urban neighborhoods have more grocery
stores, supermarkets, and full-service restaurants, along with more fast food restaurants and
convenience stores, than do affluent areas (Lee, 2012). However, these findings do not mean that
the quality of food in stores in low-income areas is as high as in more affluent areas, and lowincome households, especially very low-income families, do not face many barriers in procuring
and preparing nutritious meals (Ver Ploeg et al., 2009).
Factors Influencing Food Purchase Decisions
Consumers are the end of the food chain, and their health and wellness is the primary reason
food production is absolutely necessary in every society, from a subsistence-livelihood
household to the global community. A scan of the literature on contemporary food systems offers
many elements that consumers desire from the food system, including a low risk of illness from
the consumption of unsafe food, a wide availability of a variety of food choices, low price, foods
that meet taste preferences, foods that offer various types of convenience, the ability to act on
desires for foods produced in environmentally sound ways that have not unduly harmed natural
resources, accessibility to culturally desired food products and ingredients, and access to
innovative culinary trends. These indicators are reflected in both the research findings over many
decades of the major determinants of food choices (Contento, 2010), and the responses made
year after year to the IFIC Foundation’s nationally representative Food and Health Survey (IFIC,
2014a). In the most recent survey, in response to a question about what factors have a significant
or great impact on a decision to buy foods and beverages, the first choice is taste (90 percent
choosing this). The second is price (73 percent), then healthfulness (71 percent), convenience (51
percent), and sustainability (38 percent) (IFIC, 2014a). These factors are described below.
Taste
Humans are born with a predisposition to like sweet and reject sour or bitter flavors, and over
time, they develop preferences for salt and fat (Contento, 2010). However, these biologically
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inherent tastes are not determinative. People’s likings for specific foods are largely learned. With
repeated consumption a preference for a novel food tends to increase. Therefore if children (or
adults) are frequently exposed to foods that are high in sugar, fat, and salt, they will become
familiar and preferred over foods that are relatively unfamiliar (Contento, 2010).These research
findings explain in part the heightened concern about television advertising to children of foods
of low nutritional quality that are high in fat, added sugars, and sodium. In 2009, food advertisers
spent $1.8 billion on marketing to youth ages 2 to 17 (Powell et al., 2013). People tend to like
calorie-dense foods, which would have been adaptive when such food was scarce, but is
maladaptive where food is readily available (Contento, 2010). Retraining the U.S. palate to
expect and accept foods and beverages with less salt and sugar is underway by many food
companies, but it progresses slowly (Kinsey, 2013). Nutrition educators have been engaged in
related efforts for many decades, but with quite limited resources compared to those of the food
industry (Contento, 2010).
Price
Food prices change frequently for a number of reasons. Between 1980 and 2010, CPIs were
much lower compared to the CPI over time for carbonated drinks, nonalcoholic beverages, and
whole milk and quite a bit higher for all fruits and vegetables and even higher for fresh fruits and
vegetables (Wendt and Todd, 2011). A study by researchers at USDA, however, shows that the
prices of many staple fruits and vegetables have not had disproportionate price increases
(Kuchler and Stewart, 2008). Furthermore, when measured on either a weight or serving basis,
healthy foods can cost less than less healthy foods (defined as being high in saturated fat, added
sugars, and sodium, or contributing little to meeting dietary recommendations) (Carlson and
Frazão, 2012).
Complementing the data on price indexes is a review of multiple estimates of price
elasticities calculated between 1938 and 2007 (Andreyeva et al., 2010). Price elasticity is defined
as the percentage change in quantity purchased as a result of a 1 percent change in the price of a
product. Over time, the highest price elasticities are for food away from home, soft drinks, juices,
beef, and pork. The lowest price elasticities are for fats and oils, cheese, sweets and sugars, and
eggs, suggesting that purchase of the latter foods are more resistant to price changes.
Older, higher income consumers and men are less likely to be influenced by price than are
younger, low-income consumers and women (IFIC, 2013). Just and Payne (2009) argue that
most consumers are not very responsive overall to changes in price and income, but that they
tend to be more responsive to changes (especially a lowering) in the price of foods high in fat,
salt, and sugar. Lowenstein (2013) reports that between 1980 and 2000, the relative price of food
fell nearly 15 percent and processed food prices declined the most. He states that several
economic reports assign most of the increase in obesity over that time to the increase in calorie
intake that resulted from the change in prices (Lowenstein, 2013).
Healthfulness
Healthfulness includes nutritional value as well as food safety from microbial contamination
or elements such as pesticide residues and other toxicants. In the most recent IFIC survey (IFIC,
2014a), the importance of healthfulness as a factor affecting food and beverage purchases
increased significantly over the prior 2 years. Higher income shoppers, on average, purchase
slightly more healthful foods than do lower income shoppers, but all subgroups fall far short of
purchasing a food basket that meets the USDA dietary guidelines (Volpe and Okrent, 2012).
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Women and older consumers are more likely to use healthfulness as a key factor in food
purchasing.
However, few consumers understand health issues at more than a superficial level (Just,
2013), and they may choose many products that are not health enhancing. Manufacturers and
marketers study and analyze models of consumer behavior, including deliberate and slow
purchases versus those that are emotional and heuristic (Shiv and Fedorikhin, 1999).
Manufacturers understand that consumers respond to a variety of factors, such as the price, the
price of substitutes and complements, the number of calories, the size of a portion, the shape and
color of containers, product placement, and others, and can make changes in their marketing
approaches if they wish to do so (Just, 2013).
Convenience
Beginning in the 1950s, the growing presence of women in the workforce and other social
and cultural changes created a demand for foods that would be easy to acquire and convenient
and quick to prepare. Since then, convenience foods have become a staple feature of the food
landscape. Convenience foods—defined as those processed foods that need little preparation, are
preprepared, and are preserved for long-term storage—are popular among consumers because
meal preparation requires little time and effort, and some are less expensive than their homeprepared counterparts (Kinsey, 2013). Consumers recognize that these foods are shelf stable and
amenable to long-distance transportation and long-term storage in the home and other institutions
(Kinsey, 2013). In the latest IFIC survey, three quarters of respondents believe that processing
can help food stay fresh longer; 63 percent believe they benefit from modern food production
and processing, with the top two benefits being improved food safety and prolonged freshness
(IFIC, 2014a).
Convenience foods also are popular among food manufacturers because these products are
very high earners. For example, of the 10 most profitable food production categories in the
United States, 6 are convenience/snack foods: snack foods; cookies, crackers, and pasta;
chocolate; sugar processing; ice cream; and candy (Cohen, 2013). The majority of these foods
are high in sugar, salt, saturated fat, or total fat or are of low nutrient density. Food companies
are continually expanding their offerings of convenience foods through line extensions, new
packaging, and some genuinely new products. The average number of new food and beverage
products introduced to the market between 2006 and 2010 was 21,368 per year (ERS, 2013c).
This proliferation of processed and convenience foods means than food corporations have
increasingly shaped what and how consumers eat (Belasco and Scranton, 2002). Because the
number of items in stores is so high, consumers must spend much more time in the store making
decisions (Kinsey, 2013). Furthermore, consumers make more than 200 food-related decisions
every day, and often fall back on habits and perceptions or misperceptions that lead them to
make poor choices (Wansink and Sobal, 2007).
Meeting the desire for convenience has also led to the rise of fast food outlets and the
ubiquitous presence of food for sale in all types of stores and public places. In addition, busy
lives mean that consumers are increasingly combining eating with other activities, such as
working, driving, watching TV, and interacting with the Internet, e-mail, or phones (Kinsey,
2013), thus increasing the desire for foods that are convenient and easy to eat. These behaviors
appear to have contributed to the obesity problem in the United States (Harvard School of Public
Health, 2012).

PREPUBLICATION COPY: UNCORRECTED PROOFS

Copyright © National Academy of Sciences. All rights reserved.

A Framework for Assessing Effects of the Food System

5-30

A FRAMEWORK FOR ASSESSING THE FOOD SYSTEM

One way to consider the growing importance of convenience in food choices is to examine
the relative expenditures on food at home and food away from home. In 2012, the average share
of total food expenditures spent on FAFH by U.S. households was 49.5 percent (see Chapter 2,
Figure 2-3). Of the total dollars spent on food in the lowest income households, 30 percent was
spent on FAFH and 70 percent on FAH, while in the highest income quintile the expenditures
were closer to 50 percent in each category (BLS, 2014a).
Between 1977-1978 and 2005-2008, the share of calorie intake from FAFH increased from
18 to 32 percent (Lin and Guthrie, 2012). In addition, the percentage of fat calories of FAH
declined substantially compared to fat from FAFH during that time. The highest percentage of
calories from saturated fat occurred in fast foods compared to the percentage in restaurant foods,
school food, and FAH (Lin and Guthrie, 2012).
Concurrent with the increase in eating at restaurants and fast food establishments, the
percentage of time spent on food preparation, along with the daily number of calories consumed
from food eaten at home, decreased in all socioeconomic groups from 1965 to 2008 (Smith et al.,
2013). The largest decline occurred between 1965 and 1992 and has leveled off since, but many
Americans do not know how to cook anymore. Other research indicates that changes in time
spent on preparing food may differ by income, for one study found that more than 60 percent of
low-income consumers prepare main meals from scratch an average of four times a week (more
often than do moderate-income families), and use some forms of preprepared foods twice a week
(Share Our Strength, 2012).
Sustainability
A loss of confidence in the safety and healthfulness of food (short term and long term), as
well as the government’s apparent inability to ensure it, has led consumers to look for foods that
espouse certain priorities, including organic production practices, humane treatment of animals
and fish, and many different sustainability practices (Kinsey, 2013). The percentage of
consumers who claim to know something about sustainability has continued to rise and many say
that sustainability is somewhat or very important to them (IFIC, 2014a). The aspects of
sustainability reported as most important are conserving the natural habitat, ensuring an
affordable and sufficient global food supply, and reducing the amount of pesticides (IFIC,
2014a). Another national survey (Cone Communications, 2014) has found that 77 percent of the
U.S. population says that sustainability factors into their food purchasing decisions. Thirty-five
percent of consumers report that they purchase foods and beverages advertised as local, 32
percent buy foods and beverages labeled as organic, and 20 percent purchase foods and
beverages in recycled or recyclable packaging, despite the price premium that is often attached to
these products (IFIC, 2014b).
In 2011, 78 percent of U.S. adults were buying organic foods at least occasionally and 40
percent were buying more organic food than they had in the past year (OTA, 2011). Fruits and
vegetables are approximately 35 percent of all organic food sales, and the preponderance is fresh
produce (OTA, 2014). Organic food sales were $32 billion in 2013, equal to 4 percent of all sales
of food at home (OTA, 2014). Studies have found that consumers who have higher levels of
education are more likely to buy organic products than are less educated consumers, but other
factors (e.g., race) do not have a consistent effect on purchasing organic products (Dimitri and
Oberholtzer, 2009). For example, African Americans are somewhat less likely to purchase
organic foods, but when they do they purchase much greater quantities than do white consumers
(Stevens-Garmon et al., 2007).
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Questions about the ability of organic agriculture to produce comparable food yields have
persisted for many years. However, a large analysis, including almost 300 research comparisons
between organic and non-organic production around the world, shows that the yield indexes were
similar between the two different production methods (Badgley et al., 2007). However, a recent
comprehensive meta-analysis shows that, overall, organic yields are typically lower than
conventional yields, with the differences depending on the site and systems characteristics
(Seufert et al., 2012). The debate about this will continue as other analyses are completed on
organic as well as other alternative/sustainable food production systems. The debate is important
because using organic methods versus non-organic practices involves trade-offs in other domains
that should be explored. For example, choosing organic methods might result in lower
productivity, but also in better outcomes in the health and environmental domains; these tradeoffs are important, but challenging to measure (e.g., see Chapter 7, Annex 4, “Nitrogen in
Agroecosystems”). A comparison of multiple environmental effects measured in Europe
demonstrated significant differences between organic and conventional systems: organic systems
were higher in soil organic matter and lower in energy use. Conventional systems were lower in
nitrogen leaching, nitrous oxide emissions, and land use. The authors also report that most
studies that compared biodiversity demonstrated lower impacts from organic farming (Tuomisto
et al., 2012). The use of synthetic pesticides in nonorganic systems—to control or kill potential
disease-causing organisms—pose a number of concerns for environmental health, including
water quality impairment by pesticides in 90 percent of water bodies in the United States, in 80
percent of the fish that have been studied, and in 33 percent of major aquifers (U.S. Fish and
Wildlife Service, 2014). Pesticides also are producing negative effects on endangered and
threatened species and on pollinators (EPA, 2014).
Some consumers express concerns about the perceived loss of direct social and economic ties
to local producers and business owners, an increasingly homogenized food retail environment,
and lack of transparency in how food is produced and distributed. Local food, which has no
generally accepted definition, is a small but growing sector in the United States. In 2008, local
sales were $4.8 billion or about 1.9 percent of total gross farm sales (Low and Vogel, 2011).
Most sales are made in metropolitan areas, and in the Northeast and on the West Coast (Tropp,
2014). The majority of local food sales are made through intermediated commercial markets—
less than 25 percent come from direct marketing, such as in farmers’ markets (Low and Vogel,
2011). About 75 percent of consumers consume locally produced food at least once a month, and
almost 90 percent think local foods are very or somewhat important (Tropp, 2014). The
motivations for local purchasing, according to a number of surveys, are freshness/superior
quality, support for the local economy and local farms, and knowing the source of a product
(Martinez et al., 2010).
Consumer concerns about sustainability have contributed to greater calls for corporate social
responsibility among mainstream food supply chain firms. Corporate social responsibility
(sustainability) programs aimed to improve social and environmental performance have led to
significant (and largely unanticipated) changes in the practices of many food processors and
retailers. Decisions by retail firms to demand certification of the use of sustainable production
and business practices from their suppliers has become one of the most significant drivers of
change in the modern U.S. food system.
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COMPLEXITIES OF THE SOCIAL AND ECONOMIC EFFECTS
As this chapter shows, any food system configuration will generate positive and negative
social and economic effects and the selection of any of them will invariably result in various
trade-offs that need to be compared. Comparing alternative configurations of the U.S. food
system is complicated by the fact that, for any one configuration, the various populations and
industry sectors might be affected in different ways, both positively and negatively. For example,
the efficiencies in the system that have reduced costs for the industry and food prices for
consumers have had trade-offs, such as lost jobs and low food-worker wages. These
complexities, then, have implications for the methodological approaches used to estimate effects,
as it is challenging to tease apart multiple influences and determine the effects of combined
exposures. In this section, we highlight some representative examples of the distributions of
costs and benefits that occur within the social and economic dimensions as well as interactions
that occur between this and the health and environmental dimensions.
Diversity of Impacts
Differences Across Social Groups
The social and economic effects explored in this chapter differentially affect individuals
across sociodemographic groups. These disparities have been extensively documented,
particularly regarding their effects on health (NIH/HHS, 2014). To appreciate the influence of
sociodemographic factors—such as income, race, ethnicity, gender, and citizenship status—
when exploring the social and economic effects of the food system, one must acknowledge the
statistical correlation of race and ethnicity with socioeconomic status (SES, a construct
measuring education, income, and occupation) (LaVeist, 2005). For example, SES tends to be
lower among African Americans and Hispanic Americans than white Americans (LaVeist,
2005). In addition, racial residential segregation among the U.S. population has been linked to
health and economic disparities (White et al., 2012; Williams and Collins, 2001). The social and
economic effects and differences that result from education, occupational working conditions,
income, or other factors are closely tied to where people live (LaVeist et al., 2011). Thus, along
with the confounding effects of social factors, the geographic and community- or neighborhoodlevel effects are important to consider when understanding and determining the social and
economic effects of the food system. As these effects are measured when applying the
framework that the committee developed (see Chapter 4), it is important to at least acknowledge
that these social and economic complexities exist, and when feasible, adequately account for
them using appropriate statistical methods.
Regional and Global Differences in Impacts on Food Availability and Access
In 2012, the food system produced, on average, 3,688 calories per person per day in the
United States (Economist Intelligence Unit, 2013) and approximately 2,700 calories per person
per day, globally. As discussed above, this average availability is not distributed equally
(Coleman-Jensen et al., 2013; Economist Intelligence Unit, 2013). The accessibility to and
affordability of foods globally also is highly diverse. Approximately 842 million people are food
insecure worldwide, but the level of insecurity varies substantially depending on the area of the
world, with the majority of them living in developing areas (FAO, 2013). In addition, countries
differ in the progress made over the years (FAO, 2013). The poverty level is well correlated with
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the prevalence of undernourishment (FAO, 2013), a factor that can create detrimental feedbacks.
The global food security index (GFSI), created by the Economist Intelligence Unit in 2012, is a
measure of food security across the three dimensions of affordability, availability, and use
(quality and safety) that integrates 27 indicators.4 Measured by the GFSI, Asia/the Pacific and
Sub-Saharan Africa are the areas with the most food insecure people, by numbers and
concentration, respectively (Economist Intelligence Unit, 2014).
On the other side of the spectrum are developed countries, namely the United States and most
northern European countries. In each country, the mechanisms for differences in the indicators
are rooted in many circumstances related to social, political, and economic drivers that lead to
poverty and food insecurity. However, against this background, food-related interventions in
developed countries also can have important reverberations in other parts of the world, affecting
the poor severely. For example, the global food crisis of 2008 stemmed in part from U.S.
biofuels policies. The increase in food prices disproportionally affected some countries like
Cambodia, a net importer of rice, where most citizens are net buyers who are already close to the
poverty line. The increase in rice prices in 2007-2008 led many Cambodians to levels below the
poverty line (Maltsoglou et al., 2010). In addition, the FAO reports that food producers, and
especially small holders, are more vulnerable to price increases than are consumers.
Another indicator of global food security is the safety and quality of food. Compared to
poorer countries, improvements in diversity and safety of the food supply in the developed world
have resulted in much improvement in the adequacy of diets. In developing countries, however,
micronutrient availability, protein quality, and diet diversification are more problematic
(Economist Intelligence Unit, 2013). A recent paper warned about the increased similarity in
diets worldwide being a threat to health and food security, as many countries, especially those
less developed, are forsaking traditional crops in favor of a more narrow diversity of crop species
(Khoury et al., 2014).
Regional Differences in Social and Economic Impacts of Structural Change
The impacts of structural changes in size and organization of firms in the food supply chain
are not experienced equally in all places. In general, rural areas are disadvantaged and have a
relatively difficult time adjusting to economic changes associated with industry integration,
consolidation, and globalization. This is because their economies are less diversified, lack the
agglomeration benefits of urban areas, and offer fewer options to individual employees or firm
owners who are displaced by competitive forces. Rural areas are more expensive to service, and
it is rare for more than one major retail grocery chain to be able to survive in one area, leading to
lower levels of competition, less diverse offerings, and higher prices for many food products.
Different regions also have fared better or worse during recent periods of change. Areas with
good soils, favorable climatic conditions, and well-developed agribusiness infrastructure have
seen more rapid consolidation in farming and concentration of high-value production systems.
Those with better proximity to urban markets have been better able to capitalize on the growth of
local and regional food marketing opportunities. Trends that benefit particular commodities will
provide benefits for regions that specialize or have competitive advantages in the production of
4

As an example, food affordability is measured by food consumption as a percentage of total household
expenditure, proportion of the population living under the poverty line, GDP per capita, agricultural import tariffs,
presence of food safety net programs, and access to financing for farmers.
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those commodities. For example, the rapid rise of the corn ethanol market in the 2000s could
result in significant gains for corn-producing areas, but also drive up costs of production and
reduced profitability in livestock production regions that had used corn as a major feed source.
Interactions Among Social, Economic, and Environmental Effects
There are many trade-offs between environmental outcomes and the level of profitability or
efficiency across the food supply chain. In providing an abundant supply of inexpensive food,
the U.S. food system also generates significant impacts on the environment. Conversely, efforts
to address environmental problems associated with agricultural production are likely to increase
costs to consumers and reduce production efficiencies. Not all gains in environmental
performance come at the expense of efficiency, however. For example, using nutrient inputs
more efficiently (e.g., matching nutrient applications to crop needs more precisely) may reduce
the risk of nutrient losses to the environment. The use of “precision agriculture” techniques can
save producers some variable input costs and potentially reduce environmental damage, though
rates of adoption have been slower than anticipated (Schimmelpfennig and Ebel, 2011).
Because agriculture is the dominant land use in most regions of the United States, the quality
of life by rural residents can be affected by changes in production practices and cropping
patterns. Traits of high-output, high-efficiency production systems (e.g., confinement agricultural
operations or large-scale monoculture of field crops) can diminish landscape amenity qualities
that make rural places desirable to non-agricultural residents. One environmental issue that is
affecting producers and consumers alike is the diminished quantity and quality of water. Changes
in water associated with farm production and food manufacturing have direct impacts on the cost
and quality of water available to small town and urban residents (see also Chapter 3 on the
interactions among social, economic, and health effects and Chapter 7, Annex 4 for a detailed
description of the trade-offs among crop productivity and environmental and health effects with
different nitrogen management approaches).
Interactions Among Social, Economic, and Health Effects
Health, income, and SES are interrelated in multiple ways. On average, higher income
individuals live longer and are healthier than lower income individuals (Deaton and Paxson,
2001). This is in part because they spend more on safety (e.g., drive newer, bigger, safer cars;
live in less polluted, safer neighborhoods) and may have better access to health care and
insurance. Healthier individuals also may earn more because they lose fewer workdays to
disability and illness and may have lower medical expenses, but this effect cannot explain the
strength of the income–health relationship (Smith, 1999) nor can it explain the better health of
children born to higher income parents (Case et al., 2002). SES is related to health even after
controlling for income (Marmot, 2002). One reason may be the adverse health effects of stress
related to lack of control over one’s daily activities (e.g., a lower status employee has less
flexibility at work). Some of the associations between health and income and SES may also be
related to education, as research shows that better educated individuals have better paying and
safer jobs, a lower risk of chronic disease, positive health behaviors, and longer lives than do
those with less education (RWJF, 2013).
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METHODOLOGIES TO LINK THE FOOD SYSTEM WITH SOCIAL AND
ECONOMIC EFFECTS
Determining the social and economic effects of the food system should involve the use of
valid and reliable data measured at the necessary scale (e.g., national, regional, or local).
However, several current data needs and gaps challenge the ability to accurately measure these
effects. A more thorough discussion of the methods needed to comprehensively explore the
effects of the food system is presented in Chapter 4. Here, we describe some of the key
methodological issues that should be considered when measuring the social and economic effects
of the food system.
Data Needs, Metrics, and Analytical Methodologies
To conduct an assessment of the social and economic effects of alternative configurations of
the food system and propose interventions (see examples of interventions in Box 5-1), it is
necessary to identify key metrics or indicators of social and economic effects. The broad
categories outlined in Box 5-2 are well-documented examples of those metrics.
However, many data gaps exist. Many of the current national datasets allow for aggregate
estimates of economic and social outcomes, such as total number of workers, sector output,
productivity, and profitability, especially for large-scale farms. Similar estimates are not easily
generated for small-scale farms and by geography, over time, and for certain sectors due to lack
of data. In addition, although some of the existing national datasets present data by key
sociodemographic factors, such as race, ethnicity, gender, and immigration status, these
measures are often lacking at the regional and local levels. Thus, the ability to produce stratified
estimates by scale along with key sociodemographic factors for social and economic effects is
also limited. As a result, when these measures are of interest, analyses often have to extrapolate
findings from one scale to another to generate estimates of the effects. Furthermore, sometimes
data are not even available to allow for extrapolation. For example, valid and reliable measures
of variables that address some important social effects, such as a sense of well-being and career
mobility opportunities, are lacking. These metrics are even more difficult to identify for
immigrant populations, who are heavily represented among the farm worker population. Levels
of income, wealth, and distributional equity also are challenging to measure. These measures are
almost always self-reported, and several datasets display a high degree of missing data for these
variables because respondents consider the data too private or sensitive or they may not know
their income (Davern et al., 2005). When data are missing, it is important to determine whether
the data are missing at random, and whether imputation techniques could be validly applied.
These gaps in existing data support a need to collect primary data using both quantitative
methods (e.g., survey) and qualitative methods (e.g., focus groups and key informant interviews).
Although primary data collection may be labor and resource intensive, collecting them is
extremely valuable to fill data gaps as well as to add context to existing discrete secondary data.
For example, in 2013, the USDA published findings from in-depth interviews with SNAP
households exploring their use of SNAP and overall food security (USDA, 2013). Many
resources describe qualitative data collection and analysis, and investigators should review them
before employing this methodology (Creswell, 2007; Miles and Huberman, 1994; Richards and
Morse, 2012).
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BOX 5-1
Examples of Interventions with Social or Economic Effects

Policies
•
•
•
•
•
•
•
•
•
•
•
•

Employment and Training program of the Farm Bill (Agricultural Act of 2014), which
reallocates farm bill spending to emphasize rural community development over subsidies
to farm operations.
State minimum wage laws.
Fair Labor Standards Act, which contains restrictions for minimum age for employment,
the times of day youth may work, and the jobs they may perform.
Government food assistance programs (e.g., SNAP [Supplemental Nutrition Assistance
Program], WIC [Special Supplemental Nutrition Program for Women, Infants and
Children]).
Nutrition Labeling and Education Act, which provides for the Nutrition Facts label to inform
consumers about the nutrient content of packaged food products.
Establishment of OSHA (Occupational Safety and Health Administration) in 1970 to
ensure safe and healthful conditions for working men and women for some sectors.
Immigration laws that might change the availability and cost of foreign-born workers for
farm and food system employment.
Labor laws that would increase protection of the health and safety of farm and food
system workers.
Antitrust regulation that ensure competitive marketing opportunities for independent
livestock operators.
Access to affordable health insurance through the ACA (Patient Protection and Affordable
Care Act. (Does not apply to non-American citizens.)
National Institute for Occupational Safety and Health (NIOSH) strategies to address the
high risks of injuries and illness to agricultural workers, commercial fishers, and their
families (e.g., efforts to conduct better surveillance of chemical-related exposures).
NIOSH NORA (National Occupational Research Agenda) program that sets priorities for
sector-specific workplace health and safety research to guide policy and practice.

Voluntary Programs
•

Increased public investments in infrastructure and institutional support for emerging local
food processing and marketing.

Education Efforts
•
•

Nutritional information on the front of the product package to inform consumers about
salient benefits of the products.
NIOSH Education Research Centers and Agricultural and Safety Health Centers.
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BOX 5-2
Selected Broad Categories of Metrics of Social and Economic Effects
Income, Wealth, and Equity
•
•
•
•
•
•
•
•
•

Gross output (gross domestic product)
Factor productivity
Sector profitability
Average net farm income
Average and median household income
Industry concentration
Worker compensation
Poverty rate
Unemployment rate

Quality of Life
•
•
•
•
•
•

Working conditions (hours, benefits, turnover, safety)
Community well-being
Entrepreneurship/managerial control (contracting, debt, vertical integration)
Gender and racial equality
Economic power (citizenship status, unionization)
Occupational injury rates (non-fatal and fatal)

Food Availability
•
•
•
•

Food costs and expenditures
Food security
Food access
Food quality (taste, healthfulness, convenience, sustainability traits)

When it comes to consumers, information on freedom of choice to pursue taste and lifestyle
preferences also are lacking from some datasets. However, methods that can be used to measure
important economic principles have been published in numerous economics journals (Capps and
Schmitz, 1991; Huang and Haidacher, 1983; Nelson, 1994; Phillips and Price, 1982; Reed and
Levedahl, 2010; Reed et al., 2005; Richards and Padilla, 2009; Talukdar and Lindsey, 2013;
Unnevehr et al., 2010). The economic theory of consumer behavior says that the quantity of a
good (e.g., a food) will vary inversely with its price and directly with the consumer’s income.
Price and income are the key variables in a consumer demand model typically analyzed using
linear and non-linear regression techniques—standard statistical tools. The quantity demanded is
modeled as a function of price and income, along with other sociodemographic (e.g., gender,
individual or household income) or environmental variables. Including these measures can help
answer an important question when measuring economic effects: What is the percentage change
in quantity that accompanies a 1 percent change in price or income? Demand analysis, a concept
of market demand rather than individual behavior, is most useful in examining market trends and
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behavior. Time series datasets are typically used for this analysis. Appendix B provides a more
detailed list of potential data, metrics, and methodologies.
Although price and income are useful variables, they do not entirely explain consumer food
choices. Thus, analysts have used regression techniques to look at food consumption patterns and
food choices/purchases/sales with numerous variables that may or may not include price and
income. These techniques provide insight into the degree of correlation that exists among
variables, such as specific nutrient consumption and age, gender, or location. Because these
models are not grounded in economic theory, they are not technically demand analysis, but they
have been widely used to help understand how consumers choose food and how those choices
affect their health and well-being. Data used for these models are typically cross-sectional
measures on individual consumers or households and are usually collected by surveys. These
types of data has several caveats, including recall bias that results in understatements of the
amount of food eaten.
In addition to the traditional consumer demand and consumption studies, some investigators
have conducted studies that use the theory of household economics, which incorporates “value of
time” into the analysis (Andorka, 1987; Becker, 1965; Deaton and Paxson, 1998; Juster and
Smith, 1997; Kinsey, 1983; Whitaker, 2009). This line of analysis, pioneered by Gary Becker,
also has been used to study food consumption, as the amount of time required to obtain food is
relevant to household food choices. The data used to analyze these models are almost always
survey data on individual or household choice and behavior.
More recently, the theories of behavioral economics (Just and Wansink, 2009; Kahneman
and Tversky, 1979; List, 2004; Riedl, 2010; Smith, 1985; Umberger and Feuz, 2004; Wansink,
2006) have informed the understanding of consumer choices of food. This is a combination of
economics and psychology that improves the explanatory power of demand/consumption
analysis by shedding light on why consumers make choices that appear irrational (e.g., they
make choices that differ from what they say they want or for short-run gratification in the face of
long-term harm). Prospect theory, which includes studies of how people manage risk and
uncertainty, helps to inform this behavior.
One of the issues in analyzing food demand and food choices is a lack of data needed to
answer many current questions. For example, to determine the correlates of obesity, detailed data
about individual food consumption, food prices, and household characteristics as well as health
habits and diseases is desirable. Rarely do all these data on individuals occur in one dataset. A
lack of secondary data is partly responsible for the growth of experimental economics, where
researchers collect primary data through techniques such as auction games.5
Data for capturing effects of alternative food systems also are lacking, and as research in this
area has been limited, metrics related to the social and economic effects as they pertain to
consumption patterns, workers, and production also are lacking. These data gaps may hamper the
ability to measure the social and economic effects when proposals for alternative food systems
are discussed.
The development and improvement of models to understand dynamics of farm and food
markets and the behavior of key actors in the food supply chain are important in supporting
efforts to assess the social and economic effects of changes in the food system. Food prices

5

Situations in which actors independently bid on a commodity that is sold to the highest bidder.
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affect food access and choices, so they are hugely important to the food system. Prices change in
response to supply and demand, especially in response to changes in policies, new technologies,
and food industry structure. Market models simulate how supply and demand generate feedback
for prices and quantities marketed. Some of these models have been adapted to predict not only
price and food quantity effects, but also likely greenhouse gas emissions due to land use change.
Two such computable general equilibrium models that simulate international trade and market
effects are GTAP (Global Trade Analysis Project) and IMPACT (International Model for Policy
Analysis of Agricultural Commodities and Trade), both included in Appendix B, Table B-4. The
Forest and Agricultural Sector Optimization Model (FASOM) (Schneider et al., 2007) is a
computable partial equilibrium model that simulates the agricultural and forest sector in greater
detail than the other two, but does not model feedbacks with the non-agricultural parts of the
world economy. The Food and Agricultural Policy Research Institute maintains a proprietary
econometric partial equilibrium simulation model that is used to generate detailed price and
market forecasts based on current policy and market conditions (Meyers et al., 2010).
Standards of Evidence
Randomized controlled trials (RCTs) are limited in research on the social and economic
effects of the food system. Nearly all social science research uses observational study designs,
although in some instances, cluster randomized trials are used to explore differences by settings
(e.g., schools). Because observational and even quasi-experimental studies are more the norm,
social science scholars have posed questions about finding reliable evidence on a program or
intervention, and what the standard of evidence should be (Boruch and Rui, 2008; Flay et al.,
2005). Over the past 2 years, a number of organizations have been created to develop an
evidence grading scheme across various social science disciplines, including the Society for
Prevention Research Committee on Standards and the What Works Clearinghouse of the U.S.
Department of Education (Boruch and Rui, 2008).
The Campbell Collaboration was created in 2000 as “the younger sibling” to the Cochrane
Collaboration, which was created in 1993 to review studies on the effectiveness of health and
health care interventions (Boruch and Rui, 2008). The Campbell Collaboration focuses on
reviews from the social sciences. Unlike the Cochrane Collaboration, which tends to include
RCTs, the Campbell Collaboration importantly admits quasi-experimental studies in its evidence
standards. This presents an opportunity for additional reviews of the social science literature on
relevant areas of the food system. Currently, reviews of the evidence on the role of farmer’s
wealth and food security, land property rights, and water and sanitation are included in the
Campbell Collaboration database (Campbell Collaboration, 2014).
Opportunities for Improvement
Many valuable and widely used national datasets are being eliminated or modified, or are at
risk for being eliminated, because of funding limitations. Although a full description of these
databases and extent of the cuts is beyond the scope of this section, several databases that include
important metrics for assessing agriculture and food systems are being reduced in length,
changing methodology for sampling, or increasing time between data collection, all as part of
cost-saving measures. Several reasons support maintaining these databases, including the
tremendous benefits of surveillance. Surveillance data allow for monitoring of trends over time,
determining changes in risks and outcomes to inform priority setting, developing targeted
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policies and programs, and evaluating interventions. Efforts to enhance funding to sustain these
important national data systems should emphasize the value and necessity of data for evidenceinformed decision making.
SUMMARY
As a substantial contributor to the larger bioeconomy, the U.S. food system carries social and
economic effects that are both positive and negative. This chapter briefly describes a selected
number of social and economic effects that can be partly attributed to the food system, and that
are mediated by policy contexts and responses. The effects were categorized into: (1) levels of
income, wealth, and distributional equity; (2) quality of life; and (3) worker health and wellbeing. To aid in the design of interventions that minimize negative consequences, approaches
that consider these important effects, along with their distributions and interactions, are needed.
For example: What are the impacts of a specific policy on overall economic wealth and income
and the distribution of wealth and income? What are impacts on worker well-being? What are
the impacts on rural communities? Which subsectors of the food system will gain or lose? How
will working conditions and employment opportunities for workers in different sectors of the
food system be affected? How will the cost and availability of food for consumers be affected?
The analytical framework proposed in Chapter 7 is designed to ensure that the broad implications
of these questions can be examined.
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The U.S. Food and Agriculture System as a Complex
Adaptive System

The U.S. food system has many features characteristic of a complex adaptive system, both in
its structure (Chapter 2) and in its effects (Chapters 3-5). The complex systems perspective can
offer important insights for understanding the dynamics of both the current configuration of the
food system and potential alternative configurations of the food system. This chapter begins by
describing the properties of a complex adaptive system, illustrated with examples specific to the
food system and with references to other chapters in the report as appropriate. The chapter then
reviews the implications of these properties for the development of a sufficiently rich and
comprehensive framework, including consideration of how specific factors shape the complex
dynamics of the food system with regard to health, environmental, social, and economic
outcomes.
COMPLEX ADAPTIVE SYSTEMS
A complex adaptive system (CAS) is a system composed of many heterogeneous pieces,
whose interactions drive system behavior in ways that cannot easily be understood from
considering the components separately. Such systems, whether they are social, physical, or
biological, tend to share a set of specific properties (Holland, 1992; Miller and Page, 2007;
Hammond, 2009). Consideration of these properties, and their implications from many scientific
and policy perspectives, has yielded important insights into system behavior. These perspectives
include social science (Axelrod, 1997; Axtell et al., 2002; Epstein, 2002, 2007; Schelling, 1978;
Tesfatsion and Judd, 2006), public health (Auchincloss et al., 2008; Diez Roux, 2007; Eubank et
al., 2004; Homer and Hirsch, 2006; Huang and Glass, 2006; IOM, 2012; Epstein, 2009; Longini
et al., 2005; Luke and Stamatakis, 2012; Mabry et al., 2008; Mabry et al., 2010), biology
(Axelrod et al., 2006; Segovia-Juarez et al., 2003), business (Sterman, 2000), and land/ecosystem
management (Parker et al., 2003; Schluter and Pahl-Wostl, 2007). Each of the following sections
describes one important general property of CAS, and then illustrates its applicability to the U.S.
food and agriculture system with specific examples.
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Individuality and Adaptation
Complex systems generally contain a variety of autonomous actors. These may vary
considerably in local context, motivation, exposure to information or environmental signals, or
level of scale. The decentralized interaction of actors is often a key driver of system behavior. At
the same time, the actors themselves often adapt through time in response to other actors or to
changes in the system state. Adaptation can occur at different speeds and take different forms
across individuals. A variety of actors and processes of adaptation can be found within the U.S.
food and agriculture system. Human actors in the system include consumers, farmers, laborers,
food processors and manufacturers, distributors, food service providers, and researchers. At a
higher level of aggregation, multinational firms, governments, regulatory agencies, and
universities may act as unified actors that play important roles. At lower levels of scale,
pathogenic bacteria, agricultural pests, and even genetic material (e.g., in the resistome1)
represent distinct actors.
In modern industrialized societies, a vast array of human actors and aggregate institutional
actors play important roles in shaping the structure and dynamics of the food system. Individual
decisions that shape food system outcomes are made daily by farmers, crop field workers,
bankers, crop consultants, grain elevator operators, meat packers, corporate product developers,
advertisers, grocery store managers, truck drivers, chefs, waiters, home food gatekeepers,
nutritionists, garbage collectors, antihunger and environmental activists, state and federal
legislators, government employees, researchers, and physicians (to name a few). Consumer
decisions on what, where, when, and how to buy and eat are fundamental drivers of the food
supply chain in most countries. These decisions likewise drive ancillary outcomes for health,
social, and environmental effects of the food system because they shape what foods are
produced, how they are produced, how they are made available, and how our bodies respond to
what we eat (or do not eat). Individuals make decisions within organizational and institutional
contexts that shape their choice sets and alter the costs and benefits of different options. Leaders
of large agricultural input companies, food processing and distribution firms, retail grocery and
restaurant chains, and institutional food buyers (like schools and hospitals) are themselves
actors—whose business decisions affect the choices of individuals who work for or buy from
these firms. Market research guides advertising to influence consumer choices in ways that
benefit the marketers. Politicians and public agency leaders develop tax, regulatory, trade, and
research policies to respond to shifts in societal values and political power, which in turn
constrain the behaviors of economic firms and individual actors.
Processes of adaptation by individual actors in the food system are varied, ranging from
changing consumer preferences to changing farming practices to evolution of drug resistance.
Changes to the food system thus have impacts across the component subsystems of the food
supply chain, and also across space, that go beyond simply “ripples”—because interventions can
trigger adaptive responses. Not all actors will adapt to any specific system change, and not all
adaptations have “beneficial” (or discernible) effects. Considering the full set of adaptive
responses (by multiple types of actors) that is triggered by any change can be important for
sufficient understanding of likely system effects. For example, the introduction of herbicide
tolerant crops (e.g., Roundup Ready™ soybeans) not only reduced tillage and soil erosion, but
1

Refers to the collection of antibiotic resistance genes and their precursors in both pathogenic and nonpathogenic
bacteria.
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reduced labor and energy use per acre, induced land conversion to crop use, and fostered the
evolution of herbicide-resistant weeds (Barrows et al., 2014).
Feedback and Interdependence
Just as complex systems usually contain a variety of distinct (but interacting) actors, they
tend also to contain several distinct (but potentially linked) mechanisms or pathways. These may
cross multiple levels of the system (e.g., the hedonic reward pathway driving some eating
behavior, which involves micro-level biological processes within a human, the physical
environments surrounding them, the social or market-level processes connecting them), and
often interact with each other, creating interdependence of factors in the system. Obesity is a
classic example of a phenomenon driven by multiple interdependent factors (see Chapter 3). A
central hallmark of complex systems is the presence of feedback between actors or factors in the
system. Feedback describes a dynamic process in which change in one part of a system affects
another component, which, in turn, affects the original component again (often with a time lag).
Within a complex system, feedback may cross different levels of scale (e.g., within an organism
and in the environment surrounding it), sectors (e.g., economic, health, and social), or spatial
boundaries (e.g., U.S. consumers and South American agriculture). Feedback can be positive
(reinforcing) or negative (balancing).
Numerous examples of feedback and interdependence can be found in the U.S. food and
agriculture system. As illustrated in Figure 6-1, the food system can be conceptualized as a
transformation process that both depends on and creates important feedbacks for natural
resources and human society. Natural resources like air, soil, water, and biota (pollinators,
natural enemies of food pests) are essential for agricultural production, as well as the
manufacture of many foods like bread, cheese, and wine. Yet depletion and effluents from the
food system influence the future status of natural resources. In Figure 6-1, these changes occur
from time 0 to time 1. Likewise, the food system depends on a host of human systems that
govern our health, markets, policy, and general well-being. These human systems provide the
labor, entrepreneurship, capital, and technology needed to produce and distribute food. Once
again, the food system generates feedbacks that influence human systems at a future period.
Another prominent feedback example of widespread concern is the evolution of pesticide and
antibiotic resistance by insects, pests, weeds, and plant and animal pathogens, which now incurs
multibillion-dollar costs each year, and reflects the prevalence of inadequate and ineffective
strategies for limiting the strength of the selection pressures for resistance created by chemical
controls that initially are efficacious. Given the limited availability of new chemistries for
controlling pests and pathogens, and the ability of resistant organisms to move and transmit
genetic material, this form of feedback and interdependence may greatly affect future
management options in food, agriculture, and health systems.
Certain grazing practices also can shift rangeland systems to a less productive regime by
reducing vegetation cover, setting in motion a feedback relationship that decreases nutrient and
water accumulation (Gordon et al., 2008). Similarly, policy efforts to increase animal welfare by
promoting free-range housing for hens have in some cases adversely affected the health of the
animals by increasing exposure to pathogens through the soil and cannibalistic pecking (Chapter
7, Annex 5).
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constraints than those faced by individual consumers, and crop insect pests have different
behavioral repertoire than pathogenic bacteria do. There also may be substantial heterogeneity
within a particular type of actor. For example, consumers may vary in income, health status, or
preferences; food service operators may face different regulatory regimes in different places; and
farms certainly vary in the composition of their soil and in size and sales volume (Chapter 5).
A good case study example of heterogeneity in types of distinct actors in the food system can
be found in fruit and vegetable intake (Chapter 7, Annex 3). Changing the intake levels of fruits
and vegetables is likely to involve farmers, farm workers, food manufacturers, retailers,
marketers, restaurants, school food service workers, and household food gatekeepers, each with
different incentives and facing different information sets, which must be considered in assessing
the likely impact of an intervention in this area.
Socioeconomic, spatial, and cultural heterogeneity also can lead the impacts of food system
changes to differ significantly for different subgroups (Chapter 5). This is an important
consideration in the case of cage-free eggs. Because cage-free chickens are more expensive to
maintain than those that are confined, switching to such methods could involve a substantial
increase in market price. Demand for eggs is relatively inelastic, so most of the impact of that
price increase would fall on lower income families that rely on eggs as an inexpensive source of
protein. Ignoring differences among consumers would mask the distributional consequences of
such a shift.
Population heterogeneity also is a major consideration for the health effects of the food
system (Chapter 3), where risk factors, exposures, and disease outcomes may all differ
substantially.
Spatial Complexity
Complex systems often contain spatial organization that strongly shapes dynamics within
them. These spatial properties can govern the interaction of actors, existence and speed of
feedback, and heterogeneity across the system. Physical geography (whether naturally occurring
or built) and networks (whether representing contacts, flows of materials or information, or
relationships among groups such as species) are examples of spatial organization. Within the
food and agriculture system, elements of spatial organization include supply chains, market
segmentation, the patchwork of geographically specific regulations across states and counties,
international borders, and ecosystems and food webs. Spatial structure can matter by directly
shaping the local context experienced by actors, but it can also shape impacts at a distance,
govern changes in environment over time (e.g., spatial displacement as in environmental effects
like pollution; see Chapter 4), and create indirect and possibly unintended effects (e.g.,
resurgence of target pests or antibiotic resistance through the resistome; see Chapter 7, Box 7-7).
Because of the broad spatial extent of arable cropland, pastures, and range lands in many
regions of the United States, agricultural production systems can have marked effects on water
quality and quantity, and wildlife habitat and population densities. A key factor determining the
impacts of agricultural production systems on water, wildlife, and other natural resources is the
spatial organization of system components. For example, connectivity of strips of non-crop
vegetation across a landscape dominated by crops can foster migration corridors for birds of
conservation concern. Strips of trees, shrubs, and grasses can dramatically reduce the quantity of
soil sediment moving from croplands to adjacent streams. Spatial concentration of livestock
production, meanwhile, can magnify environmental effects (Chapter 4). Spatial structure also is
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an important driver of consumer behavior (Chapter 5) and health effects (Chapter 3). For
example, obesity outcomes can be strongly shaped by geography (e.g., the availability and
convenience of food or the presence of advertising) as well as by “social” spatial structures (e.g.,
peer networks) (Chapter 3). The importance of spatial structure in chronic disease is easily
observed in the spatial patterns of incidence that emerge (Chapter 3).
Dynamic Complexity
The presence of feedback, interdependence, and adaptation in a complex system can produce
dynamics with characteristic properties. These often include substantial non-linearity or “tipping
points,” path dependence, and system behaviors that appear to be “emergent,” that is, systemlevel behaviors that differ from what might be expected from the sum of behaviors of individual
components of the system. Non-linearity can yield large effects from relatively small changes in
system configuration. Examples in the food system include the relationship between arable
cropland conversion to conservation buffer strips composed of reconstructed prairie and the
consequent reduction in the export of soil sediments from watersheds (Chapter 4), or the
metabolic changes that result from weight gain and loss (Chapter 3). The coupling of social and
ecological systems (each with their own non-linear processes) within the food system can lead to
even stronger non-linearities in the response of the overall system to changes (Chapter 5).
Path dependence refers to phenomena whose later dynamics are strongly shaped by the
sequence of early events. Examples in the food system include the relative importance of early
life nutrition experience in shaping later habits, behaviors, and chronic disease risk (Chapter 3).
Management of fish stocks is an important (and canonical) example of dynamic complexity
at work (Chapter 7, Annex 1). Overfishing often results in sudden and dramatic collapses in fish
stocks if not carefully monitored and managed. This type of phase transition can occur because
overfishing both depletes the existing stock of fish and reduces the rate at which fish populations
are replenished through breeding. Globally, 90 percent of fisheries are considered fully exploited
or overly so. Increasing demand for fish and the effects of climate change threaten to tip many
fisheries toward collapse. In many cases, transitioning to aquaculture does not relieve the
pressure on natural fisheries because wild stocks of herring, anchovies, and sardines are still
sometimes used as feed sources for aquaculture production.
Given the importance of feedbacks in a complex system, another dynamic system
characteristic of special interest (as noted in the discussion of environmental effects in Chapter 4)
is the degree of resilience the system manifests when stressed by physical and biotic factors.
Resilience also is relevant in the context of social and economic stress factors. For all types of
stressors, resilience can be viewed as an ability to bounce back from sudden shocks and longterm stressors. For agricultural systems, temperature extremes, droughts, floods, and pests are
recurrent, though unpredictable, biophysical stresses. Similarly, rapid increases in input costs,
sharp declines in market values of crops and livestock, and regulations form part of the matrix of
socioeconomic stress factors acting on agricultural systems. Often, farmers can take actions that
minimize risks and susceptibilities to stress factors (e.g., adding irrigation systems to make up
for precipitation deficits, purchasing crop insurance to cover lost revenue), but these risk
reduction measures can incur significant costs. Other approaches, such as diversifying cropping
systems to include crops with different planting and harvest dates, and contrasting vulnerabilities
to pests, may incur little or no additional cost. In some cases, as in the case of federally
subsidized crop insurance, costs for increasing resilience may be distributed to society at large.
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Implications for a Framework to Assess Food System Effects
The U.S. food and agriculture system has many of the characteristics of a complex adaptive
system. It has diverse and adaptive individual actors, with substantial feedback and
interdependence among them, and it includes both spatial and temporal heterogeneity as well as
adaptive change dynamic. Recognition of the food system as a complex adaptive system has
important implications for efforts to assess its effects, and thus for the framework presented in
the next chapter (Chapter 7). The complex systems perspective highlights key systemic features
that a framework should address, and argues for consideration of approaches and methodologies
that can appropriately capture these features. Although no one method or approach is likely able
to capture all elements of the system at once, the discussion of key aspects of complexity above
is intended to guide consideration of what to include (and what may be left out) of any analysis.
In Chapter 7, the committee lays out a framework designed to inform assessments of the food
system with a complex system perspective in mind, considering complexity in four distinct ways
across six distinct steps. Chapter 7 also discusses specific methods that are well suited to
capturing key aspects of complex dynamics, although recognizing that not all analyses can (or
should) address all the elements of the complex food system.
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A Framework for Assessing the Food System and Its Effects

As the other chapters in this report make clear, the U.S. food system has evolved into a
highly complex one, where changes due to new policies, products, or technologies can have
diverse and sometimes unanticipated repercussions. A robust framework for assessing the health,
environmental, economic, and social effects of the food system should recognize the system’s
complexity while offering a tractable way forward.
This chapter proposes such a framework, including key principles, important food system
traits, and specific steps for developing an assessment. The chapter also reviews specific
approaches for communicating findings, along with ways to engage key stakeholders and
conduct a thoughtful analysis of a complex system within a budget. In this sense, not all steps or
methods will apply equally, depending on the scope and topic chosen by a researcher. The
committee recognizes that discrete questions might not require a full systemic analysis, although
assessors still need to recognize boundaries and implications (i.e., potential relevant effects,
actors, interactions that are left out of the analysis) so that others may conduct complementary
research. In other cases, there may be a lot of data already on some discrete questions. In such
cases, a systematic review of the literature for the relevant questions would need to be conducted
to synthesize the results and identify future data or analyses needed.
FRAMEWORKS FOR ASSESSMENT
A framework for assessment provides a conceptual and empirical structure to guide an
evaluation. A good framework identifies best practices to facilitate well-informed decisions,
given the resources available and the goals of those conducting the assessment. The main users
of an assessment framework for the food system will be researchers and decision makers (e.g., at
government agencies, private firms, or advocacy groups). Other stakeholders might not be users
per se, but the recipients of reports developed from the assessment. Previous frameworks for
assessment have generally identified several key steps to be followed in an iterative manner:
identify the problem, define the scope, identify the scenario, conduct the analysis, synthesize the
findings, and report to stakeholders. These six key steps are part of widely used assessment
frameworks, such as environmental assessment (Powers et al., 2012), health impact assessment
(with stakeholder engagement throughout the entire assessment process) (NRC, 2011), and risk
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assessment (NRC, 2009). Our framework for assessment of the food system follows these same
six steps for implementing the assessment.
Frameworks for assessment will vary from one area of application to another. The scope and
complexity of the application area, along with data and analytical methods, will drive the
principles that pertain to a specific assessment framework.
RECOMMENDED FRAMEWORK FOR ASSESSING HEALTH, SOCIAL, ECONOMIC,
AND ENVIRONMENTAL EFFECTS OF THE FOOD SYSTEM
The recommended framework for assessing the health, economic, social, and environmental
effects of the food system revolves around four key principles (represented by the four quadrants
in Figure 7-1 below). These principles draw on knowledge and evidence from across the various
segments of the U.S. and global food systems and the many interactive agents and activities that
currently deliver food from seed to feed to table. Because changes in any one segment of the
food system results in changes, intended or not, in many other parts of the system, the committee
recommends a comprehensive approach that captures the food system holistically and accounts
for several types of potential effects. In Figure 7-1, the two upper quadrants illustrate principles
associated with the desirable scope of an assessment:
•
•

Recognize Effects Across the Full Food System to highlight the connections among
different food supply chain sectors and the important role of biophysical, social,
economic, and institutional contexts.
Consider All Domains and Dimensions of Effects to ensure the assessment captures the
potential trade-offs across health, environmental, social, and economic outcomes
associated with alternative configurations1 of the food system effects.

The lower quadrants of the figure highlight criteria for choosing analytical methods that can
recognize the complex, adaptive nature of the food system. Reading clockwise, they are:
•
•

Account for System Dynamics and Complexities by treating the food system as a
dynamic, adaptive system with heterogeneous actors and not necessarily predictable
systems-level outcomes.
Choose Appropriate Methods, including data, metrics, and analytical methods suited to
systems analysis, while making explicit any assumptions needed for simplification. In
this context, “appropriate” means suited for the purpose and available.

These four key principles and the six framework steps are described in the following sections.

1

Configurations of the food system are elements within the food system, such as policy interventions, technologies,
market conditions, or organizational structure of different segments of the food system, that can be modified to
achieve a particular goal or to explore how potential drivers (e.g., growth in demand for foods with particular traits)
might impact the distribution of health, environmental, social, and economic effects.
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accurately assess the system in current or alternative forms, but trade-offs among the different
effects (within each domain and across them) will often occur and should be evaluated.
Within each domain, four dimensions of effects—quantity, quality, distribution, and
resilience—provide guidance that can help assessments consider a sufficiently broad range of
potential outcomes. All are theoretically important and can serve as distinct components of
scientific measures. The relative importance of these dimensions will vary with the specifics of
the data underpinning any particular assessment. Even with the same data, individual assessors
may disagree about the relative importance of each dimension, but the relevance of these four
dimensions to assessing the food system is indisputable.
Quantity, quality, distribution, and resilience measure how much of what the food system
provides, where and to whom it goes, and how sustainably it can do so. Quantity in the food
system often matters relative to a benchmark, because too little or too much can be problematic.
Just as hunger and obesity relate to food quantity consumed, so too, lake sterility and
eutrophication relate to insufficient and excess phosphorus run-off. Monitoring quantity
characteristics of the food system also can capture depletion, degradation, or protection of
natural resources upon which food production depends (e.g., soil), as well as amounts of
pollutants delivered from agricultural systems to the environment (e.g., nutrients, pesticides,
greenhouse gases).
Quality characterizes an outcome. If the outcome is food produced, then quality might
measure nutrition, taste, or safety. If the outcome is diet, then quality might measure dietary
components relative to a benchmark, such as the U.S. Dietary Guidelines for Americans. Job
quality is also considered here and relates to the degree to which compensation and working
conditions align with societal, legal, and worker expectations.
Distribution measures where an outcome goes. An important distribution for the study of
obesity is incidence across different consumer populations. For food access, a relevant
distribution is distance to food retailers. For biodiversity, the spatial dispersion of species
numbers is a key distribution.
Resilience measures the food system’s ability to bounce back from sudden shocks and longterm pressures (combining Conway’s [1987] notions of stability and sustainability). Resilience
can refer to how a food system responds to sudden events or to gradual pressures. For example,
in response to honeybees dying of disease, resilience measures the food system’s ability to
continue supplying crops that rely on bee pollination. In response to sudden collapse of a manure
retention lagoon, resilience might refer to how well the adjacent river recovers its ecosystem
functions. In an illustrative economic context, resilience would refer to the speed and
thoroughness by which other retailers meet consumers’ food needs after a declaration of
bankruptcy by a major supermarket chain.
These four dimensions manifest themselves across health, environmental, social, and
economic outcomes of the food system. Table 7-1 illustrates ways in which all four dimensions
touch upon the broad effect domains of this report. For example, reading down the Environment
domain column, the reader can see examples of four dimensions of measurement. An illustrative
measure of quantity is the amount of food produced; an illustration of quality is biodiversity and
aesthetic quality of the natural environment; an illustration of distribution is how agrichemical
run-off risk varies across landscapes; and an illustration of resilience is the time needed for
agricultural production to recover after a drought or flood. As a practical matter, the four
dimensions vary in how they are measured, so they should be benchmarked to assess relative
performance changes in the food system.
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TABLE 7-1 Illustrations of How the Four Dimensions Can Measure Food System Effect
Domains. Many More Examples About Specific Dimensions Could Be Measured Within Each
Domain.
Domains
Dimensions
Quantity

Quality

Distribution

Resilience

Health
Sufficient calories
consumed for good
health, but not obesity
Safe working conditions
and/or availability of
food that is safe and
meets recommended
dietary allowances and
dietary guidelines
Access to a variety of
foods for all groups in
population

Environment

Social and Economic

Plentiful food production Rising disposable income
from agricultural land and for consumers and/or food
water
system workers
Biodiversity and quality of Variety of affordable foods
natural environment in
across income levels
agricultural setting

Distribution of
Cost of meeting dietary
agrochemical run-off risks needs as share of household
across diverse landscapes income at different income
levels
Recovery of trusted food Recovery time for
Community retains viability
safety level after
agricultural production
after loss of a major
contamination event
after drought or flood
employer

Assessing the desirability of alternative configurations of the food system depends on the
goals and values of the evaluator. One cannot identify the “best” of a set of configurations
without adopting a particular set of normative judgments. An evaluation framework that seeks to
identify a better alternative must make clear how different metrics of performance are being
weighted or ranked. Assessors who reject these judgments may reject the entire analysis. A
useful evaluation framework provides factual and objective information that can be used by
people with different judgments about the relative importance of these dimensions to develop a
well-informed ranking of alternatives consistent with their own normative preferences (Nyborg,
2012). Thus, consideration of all dimensions remains an important goal.
Principle 3: Account for System Dynamics and Complexities
As discussed in Chapter 6, the food system is complex, dynamic, and adaptive. With these
traits in mind, an assessment should account for the heterogeneity of the actors and processes at
each step of the food chain. Heterogeneity can apply to people, their tools, resources,
relationships, and knowledge. Likewise, diversity abounds in a biophysical setting, including
terrain, climate, and other natural resources. These heterogeneous traits are all highly
interdependent.
Systems embed dynamic processes by which actors (human and other) can adapt their
behavior. Just as farmers react to market price incentives by changing what or when or how they
produce food, insect pests respond to repeated use of the same pest control method by evolving
modes of resistance. Given the tendency of complex interactions to trigger dynamic
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repercussions, assessments should always (to the extent feasible) account for those effects across
time, space, and heterogeneous populations. Moreover, assessments should acknowledge the
potential role of underlying drivers of food system dynamics, such as changes in people’s diet
preferences and patterns of food consumption, farm and food policy, market prices, food industry
structure, technology, natural resource base and climate conditions, to name a few. Other
potential drivers of health, environmental, social, and economic effects may come primarily from
outside the food system, such as lifestyle changes, heath care policies, energy policies, crossborder atmospheric deposition of nitrogen, or non-food employment opportunities. Although
scope limitations will preclude any specific study from careful consideration of all effects and
drivers, it is important for any study to acknowledge the potential role of relevant aspects not
included.
Principle 4: Choose Appropriate Methods
Assessments are ultimately no better than the data and methods they employ. The careful
choice of metrics to measure data and empirical methods to learn from data is fundamental to
conducting a meaningful assessment. Within this context, appropriate methods are those that are
suited to the purpose and means available. Appropriate methods might include those that:
•
•
•
•
•

Allow consideration of effects across the full food system;
Capture some information about each domain and dimension of effects;
Capture systems dynamics (e.g., feedbacks, interactions, heterogeneity);
Capture processes and outcomes at the scales suited to the problem at hand; and
Are able to address the critical concerns of stakeholders or policy makers.

Prevailing standards of evidence govern the choice of metrics and methods. These standards,
in turn, vary across health, environmental, social, and economic effects because of measurement
challenges specific to each domain. Assessment methods divide between two broad areas: (1)
methods for analyzing and predicting effects of changes in the food system, and (2) methods for
synthesizing findings across effects. Major approaches in both areas are summarized in the latter
part of this chapter, and the appendix lists selected metrics, analytical methods, databases, and
methodologies. The assumptions, limitations, accuracy, sensitivity, and other relevant factors for
methods used should be clearly stated in the assessment. This is particularly important when
assessments are made in new areas where data or previous research results are lacking.
ASSESSMENT STEPS
With the four key principles in Figure 7-1 guiding the thinking behind an assessment, six
specific steps emerge from the broader literature on assessment frameworks. The steps (see Box
7-1) begin with describing the problem of interest, which involves identifying the goal, question,
or concern. Next, through scoping, an assessment should characterize the system, including its
boundaries, functional units, processes, outcomes, stakeholders, and key interventions and
leverage points. As no assessment can be completely comprehensive, the scoping step is the
point to determine the breadth and depth of the assessment. Third, an assessment should clearly
identify a scenario to be examined, typically a baseline, reference scenario and often one or more
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alternatives, as appropriate. With these elements in place, the fourth step is to conduct the
analysis. The analysis will entail important choices of data (including potential solicitation of
stakeholder to fill data gaps), models, and appropriate analytical methods to assess the complex
dynamics of the food system across the four key dimensions of quantity, quality, distribution,
and resilience. Fifth, results must be synthesized and interpreted, often into recommendations.
Finally, the entire assessment should be reported and disseminated to stakeholders by appropriate
means.
Throughout the assessment process, stakeholders can play an important role, particularly
when they will be expected to act upon the results of the analysis. Stakeholders can help identify
issues that may not be obvious to researchers; validate choices about methods, metrics, and
models; and provide data that are not readily available from other sources. At the same time,
stakeholder engagement requires careful attention to representation of a broad diversity of
stakeholder perspectives, and scientific assessments may also require a certain distance or buffer
from the influence of powerful stakeholders in order to avoid conflicts of interest and create
space for objective and independent decisions—whether related to scoping, scenario
development, or analysis activities. Additional comments pertaining to considerations for
managing stakeholder participation are presented after the assessment steps.
Although the remainder of this chapter discusses all six steps, it elaborates in greatest detail
on Steps 4 and 5, analysis and synthesis of the assessment.
BOX 7-1
Steps for Assessment of Food System and its Effects
1.
2.
3.
4.
5.
6.

PROBLEM: Motivate need with goals and objectives
SCOPING: Characterize system boundaries, components, processes, and linkages
SCENARIO: Identify baseline (and alternatives, as appropriate)
ANALYSIS: Conduct assessment
SYNTHESIS: Synthesize and interpret the results
REPORT: Communicate findings to key stakeholders

Problem: Motivate the Need for Assessment and Define Goals and Objectives
Assessments are motivated by broad problems or concerns. These should be carefully
considered and explicitly stated. Development of a problem statement is often based on
interactions with stakeholders, formal public health and safety criteria, and reviews of relevant
literature about the problem and key findings from past assessments in the area. The problem
statement should guide where the assessment is going, including its goals, objectives, and
research questions and all future assessment decisions.
Scope: Characterize System Boundaries, Components, Processes, Actors, and Linkages
Clearly framing the scope of the assessment is an essential step, given the complexity of the
food system. A comprehensive analysis of the food system that analyzes the entire food supply
chain across all effect domains in all dimensions and accounts fully for dynamics and
complexities is a dauntingly ambitious undertaking. Analysts in all but the rarest instances will
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choose to narrow the scope of analysis. The scoping step considers appropriate boundaries and
assumptions to frame the scope of an assessment in the context of the food system as a whole.
The scoping step involves the choice of boundaries and assumptions that are part of “Choose
Appropriate Methods” in Figure 7-1. In doing so, scoping draws on the other three quadrants of
the framework in clockwise order.
Determining the scope of an assessment begins with situating the topic for the assessment in
the context of the full food system, both in the food supply chain and in the biophysical, social,
and institutional contexts. Through what parts of the food system is the assessment topic likely to
have significant repercussions? Those parts of the food system should fall within the boundaries
of the analysis.
Moving on to the next quadrant, which effect domains are likely to be affected by the study
focus? A study focused on dietary changes may have little effect on the environment, but a large
one on health. Which dimensions are likely to be important? Scale matters. A targeted school
diet study may have negligible economic effects, but a large-scale dietary intervention could shift
market prices. Effect domains and dimensions that are unlikely to be affected by the study focus
can reasonably be left outside the boundary of the study, with the stated assumption that it is
exogenous.
Considering system dynamics and complexities is the point to ask questions about how
dynamics and heterogeneity affect a proposed topic of study: How long are repercussions likely
to endure? What (if any) are important feedback processes and interdependencies? Are there key
interventions or leverage points that lead to alternative scenarios deserving consideration?
Responses to these questions will be based on qualitative generalizations about the system, but
they can offer useful ex ante justifications for where detailed empirical analysis is merited, and
where it is not. More specifically, the answers to these questions will influence the time horizon,
the extent of relevant causal relationships, and other boundaries, along with assumptions about
what lies outside those boundaries.
The boundaries may enclose a subset of the larger food system, such as the U.S. food system
as part of the global system (see Figure 2-3 in Chapter 2), or a particular food commodity as part
of a larger crop–livestock complex (see the egg example in Annex 5). They may designate a
specific period of time or geographic area. Inside those boundaries, the assessment seeks to
describe interactions and relationships among key actors along the relevant parts of the food
supply chain, and the impacts of changes on a range of health, environmental, social, and
economic effects. Outside the boundaries, the assessment may assume constant conditions or
exogenous changes, as is often the case with analyses of the U.S. food system that takes the rest
of the world as given. Boundaries for the system under analysis can be shaped by the nature of
the problem, and often depend on input from stakeholders, but they may also be determined by
budget limitations (discussed below).
Within the defined boundaries, the characterization of the system should expand to identify
the endogenous (or internally determined) processes and pathways that produce the outcomes of
interest (Collins et al., 2011). For example, the nitrogen case study in Annex 4 focuses on the
subsystem of crop production using nitrogen fertilizer, and does not consider aspects outside the
defined system boundary, such as crop and livestock production that do not directly involve
nitrogen. Nor does it consider consumers and total food output. The processes and pathways that
are endogenous or inside the system boundary involve nitrogen, the people who apply it, where it
goes, how it affects crops, and how it affects climate, water, and other environmental fates.
Identification of stakeholders to include in the assessment process is particularly useful at the
PREPUBLICATION COPY: UNCORRECTED PROOFS

Copyright © National Academy of Sciences. All rights reserved.

A Framework for Assessing Effects of the Food System

A FRAMEWORK FOR ASSESSING THE FOOD SYSTEM AND ITS EFFECTS

7-9

scoping stage, because they can help identify potential sources of data or information to fill in
any data gaps that may be present.
The choice of an appropriate time horizon for the assessment shapes the types of health,
environmental, social, and economic effects that can be considered. Options range along a
continuum from immediate to long-term cumulative impacts. Health effects may be acute or
chronic, ranging from food poisoning to obesity and heart disease. The same is true of
environmental effects, which range from sudden storms that washed previously applied
phosphorus fertilizers into Lake Erie and may have triggered the algal blooms of 2011 and 2014
(Michalak et al., 2013) to incremental emissions of agricultural greenhouse gases that contribute
to gradual climate change (Robertson, 2004). Social and economic effects associated with rapid
change in the short run may be different than long-run impacts, which capture the dynamic
adaptive responses of key actors. The time horizon should match the research goals and system
boundaries—because, in effect, the time period is an additional boundary.
Some studies may be narrow in scope, focusing on one or few stages in the food supply chain
or one domain of effects (e.g., health outcomes). In such cases, the committee recommends that
any assessment at least acknowledge the existence of the potentially important effects of drivers
that are outside the scope of the specific assessment. Although it is preferable to incorporate as
many domains and dimensions of effects as possible, explicit assumptions that acknowledge
what is beyond the scope of study can help to balance the importance of being comprehensive
while focusing on a tractable assessment area.
Scenario: Identify the Baseline (and Alternatives, as Appropriate)
Assessments characterize how a system performs. Most assessments compare system
performance to a baseline scenario and sometimes to one or more alternative scenarios.
Alternative scenarios typically specify potential changes in a system to reflect an intervention,
such as a new policy or a new technology. Any assessment of health, environmental, social, and
economic effects of the food system should be explicit about each intervention being considered,
including when, where, and how the intervention occurs. Stakeholder input can help identify and
define a set of realistic scenario options.
It can be tempting to identify one state of the system simply as the “status quo” or
“conventional” state without further characterization. But because the food system is constantly
evolving (see Chapter 2), such descriptors lose meaning over time if they fail to define explicitly
the system state in baseline scenario. Descriptions of changed interventions need to be equally
explicit so that what is changing and what is held constant are clear.
Analysis: Conduct the Assessment
Given the intended scope, an analysis draws on suitable methodologies to interpret data and
build models to assess the likely health, environmental, social, and economic effects associated
with alternative food system scenarios. The goal is to provide a scientifically valid basis for
public and private decision making. The next major section will summarize common assessment
methodologies in more detail.
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Synthesis: Synthesize and Interpret Results
Analyses of food systems should be designed to clarify the likely outcomes and their
magnitudes, and trade-offs associated with different alternatives. Often outcomes include both
beneficial and harmful effects and as noted above, the results of a scientific assessment may not
by themselves provide clear guidance about which scenario is “the best.” Therefore, a synthesis
and interpretation of the outcomes are needed to help integrate disparate results into a clear
message and potential interventions. Ultimately, value judgments of stakeholders and decision
makers are required to determine how to weigh the various outcomes. Approaches to synthesis,
interpretation, and evaluation of trade-offs also are discussed below following the section on
analytical methodologies.
Report: Communicate Findings to Stakeholders
Reporting involves communicating the assessment and recommendations to key
stakeholders, broadly defined as the end-user of the assessment members of affected
communities, and also the general public. The reporting step typically involves creating a report
that documents the assessment methods; the data sources and analytical tools, including the
assumptions; interactions with stakeholders; findings; and recommendations. Ensuring that the
report is clearly written, easily understood, and transparent are also important considerations.
Although a single report may be created, additional summary documents may be created and
tailored to the various audiences. As a matter of best practice, a succinct executive summary
should also accompany the longer text.
Related to reporting is dissemination, which aims to inform a wide range of stakeholders of
the assessment’s purpose, approach, findings, and recommendations. For any assessment, a
variety of processes and media may be used, including public forums, presentations, and policy
briefs. For example, risk analysis methodology typically includes risk communication as a
separate activity from risk assessment (the scientific element) and risk management (the policy
element) in order to ensure that the messaging is structured to effectively communicate to
distinct audiences that may interpret the information in different ways. During dissemination,
stakeholders can help to ensure reports are written in a manner appropriate for the intended
audiences and reach these key audiences, as well as help gain buy-in from key decision makers.
ANALYSIS: METHODS FOR ANALYZING FOOD SYSTEM EFFECTS
The right empirical or modeling method for a food system assessment depends on the
specific problem, its scope, and the scenarios defined for the study. The relevant analytical
methods divide importantly between two broad types of assessment scenarios: (1) a specific
current food system configuration (e.g., a policy or a practice), and (2) potential alternative
configurations. A study of a current system configuration can measure observable effects of the
system; by contrast, a study into alternative system configurations is by its nature a
“counterfactual” study—one that seeks to understand what would happen if matters were
different. In counterfactual studies, it is inherently difficult to learn solely by observation of the
current system, so other approaches are needed. The challenges of counterfactual studies
compared to factual ones are analogous to the challenges of ex ante versus ex post impact
evaluations (Alston et al., 1998).
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The four dimensions of measurement—quality, quantity, distribution, and resilience—
interact closely with the purpose of the assessment in determining the most relevant methods to
use. Quantity and quality are dimensions where overall average effects may suffice, whether for
food produced and consumed, or regarding health, environmental, social, and economic effects
of the food system. The next dimension—distribution—requires consideration of the
heterogeneity of system effects, including variation across geography, time, and population.
Finally, the dimension of resilience requires measures of how the system performs over time,
including how it responds to stresses and shocks that could undermine its sustainability.
Measuring Quantity and Quality Dimensions in the Current Food System
Assessing quantity and quality effects in the current food system centers on: (1) describing
the system and (2) explaining what causes it to function as it does. Understanding causation is
challenging because underlying causes can be easily confused with correlated effects that are not
true causes. A correlation may exist because the underlying relationship is mischaracterized or
because of measurement error. The rise of obesity in America is clearly related to food, but it
may also be related to growing levels of inactivity, as well as social and economic factors
(Hammond, 2009). An assessment that ignores non-food determinants of obesity may reach
biased results. This illustrates a first requirement for understanding what causes food system
effects: construction of a conceptual model containing all possible causes of the relevant effects.
Such a conceptual model offers two benefits. First, it can reduce the risk that an assessor is blind
to causes outside of a target set. Second, it can reduce the odds of confusing cause and effect.
These benefits only occur if the conceptual model is informed by reliable metrics measuring the
current food system.
A second requirement for understanding what causes food system effects is to use good
metrics. Metrics can be divided into three types: (1) directly measured data, (2) indicator data
that serve as indirect measures, and (3) simulation models that provide artificial data (“pseudodata”) that represent projections or inferences about the real world.
Directly measured data are the gold standard, but in many circumstances, direct measurement
is either too costly (consider all water pollutants in U.S. lakes) or infeasible (consider nitrous
oxide emissions from fertilizer on commercial farms). Moreover, all measurements—even direct
measurements—are subject to error (see Box 7-2).
BOX 7-2
Measurement Error in Directly Measured Data, Indicators, and Models
All metrics are subject to measurement error. In the words of two eminent statisticians,
“essentially, all models are wrong, but some are useful” (Box and Draper, 1987, p. 424). Even in
directly measured data, the measured value and the true value are almost never the same
because the act of measurement is never perfectly consistent. The difference between
measured and true values is called measurement error. In this case, “error” does not refer to a
mistake, but rather to the diverse factors that can cause a measurement to depart from a true
value.
Measurement error includes both random error and systematic error (also known as bias).
Random error can be dealt with by averaging repeated measurements, so it is the less troubling
of the two. Systematic error is more problematic, because it may cause consistent
overestimates or underestimates of the true effects. Selection bias is one form of systematic
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error that occurs when sampled individuals do not represent the population of interest. For
example, gathering data by interviewing daytime food shoppers at a supermarket excludes
individuals who are unable to shop in person or unable to shop during the day. Social science
research has used a variety of methods for minimizing confounding, ranging from randomized
controlled trials (Moffitt, 2004) to cluster randomized trials for community-based interventions
(Cornfield, 1978; Donner and Klar, 2000) to special statistical methods and research designs to
control for the effects of selection bias (Barrett and Carter, 2010; Deaton, 2010; Heckman et al.,
1998).
Indicator data can be an imperfect measure of the underlying phenomenon or concept it is
meant to capture. For example, satellites record spectral reflectance from the Earth’s surface.
Those measures of reflected light correlate highly with different plant species, enabling the U.S.
Department of Agriculture to produce maps annually of U.S. cropland using light reflectance as
an indicator of crop location. But maps of U.S. cropland based on remote sensing indicator data
show less land area under crops than was reported in the nearest agricultural Census (Johnson,
2013), presumably because of translational error in associating the sensed wavelengths of light
with real crops planted on the ground.
Simulation models also can contain errors that lead to misleading conclusions. Errors of
omission or specification may occur in their equations or algorithms as well as in the numerical
parameters that shape those equations. Reliable models have undergone procedures of
verification, validation, calibration, and sensitivity analysis to catch mistakes and refine
predictive power (Arnand et al., 2007; Howitt, 1995). However, even well-validated models
never predict perfectly.
All three kinds of metrics (directly measured data, indicator data, and pseudo-data coming
out of simulation models) experience measurement error. In all cases, systematic error is to be
avoided. Random error, while it reduces accuracy, can be averaged out in repeated measures.
Although indicator data and model pseudo-data may seem less desirable than directly
measured data, they are used when direct measurements are so costly that it would mean not
measuring at all—or only doing so in a handful of scientific studies.

Indirect measurement through indicators is sometimes more cost effective than direct
measurement—especially for spatially diffused effects. Water quality may be measured by the
population of Daphnia, a water flea that serves as a sentinel species for waterborne ecotoxins.
Likewise, remote sensing technologies make it possible to use indicators like reflectance of light
wavelengths (albedo) to identify vegetation or to use audio sensing to identify wildlife in a place
where no human observer is present.
Statistical methods are well suited to describing effects from the current food system.
Multiple regression models (see below), if properly designed, can identify correlates of important
food system effects. A key to proper design is to include among the explanatory variables only
variables that are exogenous or determined outside the system with respect to the outcome
variable (in order to avoid confounding correlation with causation) (Intriligator, 1978). In
interpreting the results of a multiple regression model, the appropriate significance level to use
will depend on the type of statistical error that is most relevant for the study at hand (see Box 73).
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BOX 7-3
Testing for Statistical Effects
Statistical analysis can answer important questions about the food system. But
measurement error can obscure the answer. How big must an effect be to be meaningful? To
separate ordinary random variability from meaningful effects, statisticians commonly start by
assuming there is no effect. Under this “null” hypothesis, one would assume that an outcome Y
is not affected by cause X, with the alternative hypothesis that X does affect Y. Tests of
statistical significance aim to contain the probability of a Type I error, which occurs if the null
hypothesis is rejected when the null hypothesis was true—there in fact was no effect
(Mendenhall et al., 1986). This approach is entirely appropriate when the consequence of
wrongly rejecting the null hypothesis is serious and costly. To illustrate with a stylized example,
suppose that a company is developing a new process to inactivate foodborne pathogens, and it
wishes to test how the process compares to the existing inactivation process. Assume that Y is
inactivation achieved by the current process and X is inactivation achieved with the new
process. Because inactivation kinetics for different pathogens may vary when different methods
are applied, multiple regression models are used to examine inactivation of various foodborne
pathogens in relation to X. Before the firm developing the new inactivation process would want
to begin steps toward commercialization, it would want very compelling evidence that X
inactivates foodborne pathogens at least as effectively as Y. A low significance threshold (5 or 1
percent) would sharply limit the probability of wrongly concluding that X is at least as effective
as Y for inactivation of foodborne pathogens.
However, for many important food system effects where costs are low but benefits are high,
a very demanding-level statistical significance is unnecessary and may be undesirable. The
reason is that requiring a high significance increases the odds of failing to reject the null
hypothesis when it is false (Type II error). Consider the case where Y is improvement in lake
water quality when farmers use low-cost conservation practice X, and the null hypothesis is: X
has no effect on Y. Consider a multiple regression analysis that includes many factors that
potentially affect lake water quality, including practice X. A significance level set at 5 percent
probability of Type I error would require strong evidence that the conservation practice was
effective. But if the practice is not costly and the value of better water quality is substantial, then
a higher significance threshold of 20 percent (meaning the observed improvement would have
occurred 20 percent of the time without the practice) would be appropriate.

The U.S. government maintains a variety of major datasets that can be useful for assessing
the health, environmental, social, and economic effects of the food system. Several of these are
listed in Appendix B, Table B-3, with additional notable datasets discussed in the earlier chapters
on health, environmental, social, and economic effects of the food system.
An important point to remember is that data sources should be carefully evaluated to
determine whether they are appropriate to the question being examined, and to identify any
limitations. If existing resources are insufficient to appropriately address the question being
examined, the researcher should consider collecting new data.
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Measuring Quantity and Quality Dimensions in Alternative Food System Configurations
Alternative food system configurations differ from the predominant current system either
because they do not exist (yet) or because they currently exist only on a different (often smaller)
scale. As a result, direct measurement and indicator measures typically are either not feasible or
not sufficient to anticipate their effects on a large scale. Given that the food system is a complex,
adaptive system, simulation modeling may be the best tool to predict certain effects of the food
system (van Wijk et al., 2012). Simulation models (see Box 7-4) can be used to run
“experiments” in which each alternative system is tested under the same conditions.
BOX 7-4
Types of Simulation Models
Simulation models come in several types, all of which can help to measure one or another of
the quantity, quality, distribution, and resilience dimensions of food system assessment
analyses. They can be broadly classified as descriptive, predictive, postdictive, and prescriptive
(Schoemaker, 1982). Descriptive models help to understand systems by describing their
components and processes. Predictive models forecast future system performance. Postdictive
models help to diagnose past system performance. Prescriptive models make
recommendations for actions to achieve desired outcomes. Models can further be organized
based on time horizon, spatial extent, and number of actors. Statistical models are often used
for descriptive and postdictive purposes to understand a system. Statistical models can often be
improved by supplementing data with knowledge from scientific theory, as is done in the
subfields of biometrics and econometrics. Several important models of the food system use
statistics to understand basic relationships or to extrapolate to the future from recent
experience. Examples of basic relationships are children’s rates of growth in response to
nutrients and changes in consumer purchases in response to changes in price and income
(price and income elasticity of demand). Microbiological growth and inactivation models also are
available to predict behavior of foodborne pathogens in foods.
Certain important research questions involve predicting the distant future or analyzing
unprecedented shocks to the food system that cannot be analyzed statistically. Climate change
is one example. For such questions, dynamic simulation models can generate useful
predictions. These models are built from data, variables, parameters, and equations that
describe how the state of the system responds as components of the model evolve over time
(Dent and Blackie, 1979; Law and Kelton, 1991; Van Dyne and Abramsky, 1975).
A simulation approach often used to study complex systems is agent-based computational
modeling (ABM). In an ABM, complex dynamics are modeled by representing individual actors
(“agents”) in the system, each with specified initial conditions and a set of adaptive rules that
govern their interaction with each other and with their environment. In this way, the computer
simulation of individual decision making and decentralized interactions “grows” dynamics and
patterns (at both the individual and aggregate levels) from the bottom up (Hammond, 2009).
Agent-based models offer certain advantages for modeling complex systems. Because every
individual is explicitly modeled in an ABM, substantial heterogeneity can be captured in both the
types of actors and the distributions of individual characteristics within actor types. Thus, ABMs
can incorporate “bounded rationality” or insights from behavioral economics. Agent-based
models also can incorporate spatial complexity (e.g., of geography or social networks),
interactions among actors, and adaptation through time. The ABM approach has been used to
study a wide variety of topics in social science and public health, including some work focused
on the food system.
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Prescriptive models are appropriate when the research question dwells on identifying an
optimal strategy. Mathematical programming models identify optimal solutions to a specified
objective function. These are often used for economic purposes, such as minimizing the cost of
meeting nutritional needs. Computable general equilibrium models represent one important
class of math programming models of the food system that capture market feedbacks for prices
and quantities in response to some system change (e.g., due to policy or technology). Dynamic
programming models optimize over a fixed time horizon, although they can be adapted to a
moving time horizon (Chen et al., 2014).

Although simulations may not be fully accurate representations of reality, such experiments
have certain advantages. In the real world, an alternative food system configuration may exist
only in a limited area or under special market or policy conditions. As a result, making realworld comparisons between the dominant food system and a smaller alternative may raise
problems of selection bias—meaning that findings from the smaller alternative may not be scaled
up reliably. For example, the price premium for organically grown foods sold in relatively small
quantities may result from purchases by customers who are willing and able to pay high prices.
For the same organic foods to be sold in greater volume, the price premium would likely have to
shrink to accommodate customers who were not willing or able to pay the full, current premium.
Simulation models are best used with virtual versions of an experimental research design,
like those used for laboratory experiments in the real world. The experimental treatments may
take the form of scenarios, such as scenarios for alternative policy treatments in the face of a set
of different climate change projections. The simplest approach to simulation experiments is to
compare treatments under average conditions. Results from such “deterministic” models can be
treated as most likely outcomes under the alternative scenarios. More sophisticated experiments
compare probability distributions of simulated outcomes from different scenarios, which
exemplify the distribution and resiliency dimensions of assessment.
Simulation models can be particularly useful for assessing multiple outcome effects from
scenarios describing possible conditions that cannot currently be observed (e.g., changed
climate). Depending on the nature and complexity of the model(s), a variety of simulated
outcome effects can be simulated and compared. For example, a comprehensive literature review
on possible climate change effects on farm households included a wide variety of simulation
model types. The review examined model outcome effects, including profit, food selfsufficiency, food security, risk, and altered climate change (van Wijk et al., 2012). These
outcomes span economic, social, health, and environmental effects. Although the authors found a
trend toward integration of multiple models in order to simulate more diverse effects, they called
for further advances in coordinated modeling—even at the agricultural production scope of their
study. Box 7-5 illustrates integrated modeling of economic and environmental effects from
biofuel market and policy analysis.
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BOX 7-5
Integrated Models to Predict Feedbacks and Multiple Effects:
Biofuel Policy Analysis
The complexity of food systems makes it particularly important to conduct assessments from
a system-wide perspective. Simulation models that are connected across domains of the food
system can capture feedbacks between human choices in policy and markets, and associated
repercussions for environmental and health effects. The best developed category of such linked
human-biophysical models is composed of “bioeconomic” models that link economic behavior
with biophysical processes. Recently, linked bioeconomic models have been used to evaluate
how bioenergy policy affects food and energy supplies along with environmental effects. For
example, the BEPAM computable general equilibrium model has been linked to the GREET
greenhouse gas model to forecast U.S. national biofuel policy outcomes for prices in food and
fuel markets as well as associated climate change consequences (Chen et al., 2014). Similar
biofuel policy analysis at the regional scale has linked an economic optimization model to the
EPIC biophysical model to simulate water quality, soil quality, and climate effects from profitmaximizing farmers in the face of rising prices for energy biomass with other prices assumed to
remain constant (e.g., Egbendewe-Mondzozo et al., 2011).

Measuring Distribution and Resiliency Dimensions
The distribution dimension of assessment measures helps to capture the heterogeneity in our
world. People, food, weather, and landscapes all exhibit enormous diversity. Some individuals
may be particularly vulnerable to bad outcomes (e.g., poor people are vulnerable to food price
spikes, residents living over shallow aquifers may have greater exposure to nitrate contamination
of groundwater from fertilizers, and people with immune-depressed systems are more vulnerable
to foodborne illness). Understanding the distribution of food system effects over a range of
possible conditions, as well as resilience (the food system’s ability to bounce back after unusual
pressures) matters for good assessments.
Distribution and resilience are more difficult to measure than average quantity and quality
effects because they refer to the range of possible effects over space and time. It is possible to
measure the range of many outcomes from the current food system because we can observe it.
But we cannot observe “what if” scenarios—potential realities that might happen or might have
happened; instead we can only observe what actually did happen. Some of the variability (both in
what happened and what might have happened) is driven by underlying processes that are
understood, but other parts of that variability are random and less understood. If the underlying
processes are changing, it may not even be possible to understand the true distribution of effects
from the current food system by studying historical data. For example, if the climate is changing
due to rising greenhouse gas levels, then the likely range of possible weather conditions next
year is not what it was 30 years ago. The same evolving processes also make it difficult to
measure resilience because the system’s past ability to bounce back after unusual pressure may
not be a good measure of its ability to do so in the future.
Some important food system effects occur under extreme conditions. For example, properly
managed pesticides can still cause a consumer health hazard if sudden hard rain after spraying
washes the unabsorbed pesticide into a drinking water supply. Appropriately capturing these
uncommon situations will require a focus not just on average quantity or quality effects, but
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rather on measuring the probability that any given effect exceeds a threshold level. Exceeding
certain threshold levels can trigger extreme outcomes with irreversible consequences that matter
not just in a distributional sense, but more importantly because they can alter the resilience of a
system. Information on the probability of extreme effects can be used to evaluate the appropriate
margin of safety to reduce the probability of undesirable outcomes, such as rain-generated spikes
in soluble phosphorus that can cause lakes to become eutrophic (Langseth and Brown, 2011).
Margins of safety based on such thresholds are the basis of existing upper bound reference doses
(RfDs) established by the Environmental Protection Agency (EPA) for a variety of toxic
substances, including pesticide residues and food contaminants (NRC, 2009). Understanding the
nature of thresholds and associated regulatory reference values is important in estimating or
simulating the probability of extreme effects. For example, the EPA’s RfD approach, discussed
in the example in Annex A, is built on reference doses below which there is a high probability of
no observable adverse effect. Comprehensive measurement or modeling of extreme effects (e.g.,
exposure–response relationships for toxic substances) should focus on the entire probability
distribution of outcomes, not truncating measurement at regulatory thresholds (Cohen et al.,
2005).
Once well-validated simulation models have been developed, they can be used to generate a
large number of experimental replications with input data representing the full range of potential
real conditions (Law and Kelton, 1991). Stochastic simulations produce a range of outcomes in
response to random inputs like weather; they may explicitly incorporate measurement error
associated with key variables and equations. Outputs from these simulations can be ordered into
empirical probability distributions of key outcomes. These, in turn, can be compared across
treatments to reach conclusions about resilience and vulnerability under extreme situations, as
well as to inform decision making given differing tolerances for risk (Arrow, 1971; Hadar and
Russell, 1969; Pratt, 1964). Stochastic simulation that integrates multiple models can generate
probability distributions of outcomes on multiple effects of interest for risk analysis (van Wijk et
al., 2012). For example, Rabotyagov (2010) was interested in policies to limit the risk of soil
carbon loss. Using a soil and crop model, he ran stochastic simulations to compare how two
policies (land retirement versus conservation tillage) would affect soil carbon sequestration over
time and space in one Iowa watershed. He then linked the soil environmental effect simulated
data to randomly drawn cost data from the U.S. Department of Agriculture and used an
economic optimization model to evaluate which policy would generate the best margin of safety
against soil carbon loss (Rabotyagov, 2010).
With simulation models, as with datasets, the assessment team must decide whether to build
a new one or to draw on an existing model. The most compelling argument for building a new
simulation model is that the model can be tailored to the specific research question of interest. A
variety of simulation modeling methods exist, along with methods for evaluating the validity of
the model (Anderson, 1974; Hanks and Ritchie, 1991; Van Dyne and Abramsky, 1975).
However, using an existing simulation model can be desirable if a suitable model exists. Key
criteria for determining whether a model is suitable are: it has passed scientific peer review, it
has been well validated through testing in multiple settings, and it is well suited to the time
horizon, spatial extent, and key component interactions of interest. Preexisting simulation models
are best used in collaboration with knowledgeable modelers, because the models often need
some adaptive programming to address new research questions. For many agricultural,
economic, and environmental purposes, good models do exist (Appendix B, Table B-4).
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Developing or adapting reliable simulation models to measure distributional and resilience
effects can be costly. At least for monetary measures of income or expenditures, a less costly
approach than simulating a probability distribution is to calculate conditions needed to reach a
threshold of price or quantity under an alternative scenario that would match a baseline case
(e.g., when an alternative food system configuration would match the current system). Breakeven
analysis is a tool for calculating such a threshold, typically applied to breakeven price or quantity
levels (Dillon, 1993; Tyner, 2010).
SYNTHESIS: INTERPRETATION, SYNTHESIS, AND TRADE-OFFS
A comprehensive assessment that covers all four effect areas will have results related to
health, environment, economics, and society. Even a single one of those areas can have different
results for different population groups or over different time horizons. Consider an assessment
that finds that a policy change would improve child nutrition, deplete aquifers, reduce farm
income, improve retail food affordability, and reduce rural employment. Should the policy
change be enacted? To reach a conclusion requires synthesis of these diverse effects.
How to synthesize results to reach appropriate conclusions or recommendations is a major
challenge for comprehensive assessments that account for effects on multiple domains across
multiple measurement dimensions. Especially when alternative scenarios are evaluated, assessors
are often called on to identify which is “best” by one or more criteria. Yet when outcomes have
multiple attributes and involve trade-offs, a definitive answer may not be possible. In the case of
the food system, quantity, quality, distribution, and resilience represent four important
dimensions—but attributes within each of these dimensions may be of concern to some people
and not others, and may vary by place (different communities) and time (different seasons or
years).
For evaluating preferences across outcomes, it may be sufficient to consider only the
differences between the outcomes, rather than the actual levels of the attributes. For example, in
comparing two outcomes that differ on food prices, it may be sufficient to know only the
difference in prices (of various foods) rather than the absolute prices of foods under each
outcome. For other attributes, the absolute levels are also important. For nutrients, the benefit of
increased intake is much greater if dietary intake is insufficient; increased intake may even be
harmful if dietary intake exceeds requirements.
Evaluation methods differ in the extent to which they aggregate across multiple attributes. At
one extreme, synthesis can include the levels of each relevant attribute under each of the
outcomes (alternatively, the differences in each attribute from one of the outcomes, i.e., the base
case). This information can be presented in many formats. For example, it can be presented as a
table, with each column corresponding to a relevant attribute and each row displaying the
attribute levels for a particular outcome. It also can be presented as a radar or spiderweb diagram
(Figure 7-2), where each attribute is represented by a ray from the origin (center) of the diagram
and the length of the ray shows the level of the attribute for a particular outcome. Radar diagrams
can be used to compare the pattern of attributes from one scenario to another.
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handful of attributes at the same time, a few attributes may receive undue weight in a judgmental
evaluation.
The attribute levels can be combined into an index in many ways. One theoretical approach is
to construct a social utility function that includes weights of each of the effects (or attributes) that
people care about, including health, environmental, economic, social, and other attributes. A
social utility function assigns a larger number to a societally more preferred outcome. Such a
function can (sometimes) be created by considering how society should trade off among different
attributes (Keeney and Raiffa, 1976). However, when individuals rank the outcomes differently,
the Arrow impossibility theorem (Stokey and Zeckhauser, 1978; Keeney and Raiffa, 1976)
shows there is no best way to reconcile these differences.
Benefit–cost analysis (BCA) and cost-effectiveness analysis (CEA) are often used to help
evaluate social outcomes. BCA attempts to estimate the net monetary benefits of an outcome
compared with a reference outcome. These are defined as the benefits to the individuals who
gain from the move to a new outcome minus the costs to individuals who are harmed by that
move. Benefits and costs to individuals are defined as the monetary compensation that provides
the same change in well-being as the change in outcome. Use of BCA requires that these
monetary amounts can be estimated for all of the (important) changes in attribute levels. CEA is
similar to BCA, except that changes in one of the attributes are measured in some non-monetary
unit, often a physical unit (like tons of corn produced or cases of cancer avoided), or a unit that
aggregates changes in a subset of attributes (like quality-adjusted life years, or QALYs, that
combine fatal and non-fatal health effects into a measure of healthy time lost to death or illness).
CEA can be used to compare the cost (in terms of all the attributes measured in monetary terms)
per unit gain in the effect (the attribute measured in non-monetary terms), but the question of
whether that cost is justified by the gain must be answered independently of the CEA (for further
reading on BCA, see Stokey and Zeckhauser, 1978; Boardman et al., 2010; Layard and Glaister,
1994; Freeman, 1993; for further reading on CEA, see Drummond et al., 2005; Gold et al.,
1996).
Social welfare functions (SWFs) provide an alternative method for creating an index, one
which attempts to account for concerns about the distribution of well-being in a society (Adler,
2012). The utilitarian SWF adds the well-being of everyone in society. Under this SWF, a gain
of one unit of utility counts the same regardless of who receives it. In contrast, a prioritarian
SWF adjusts each person’s well-being by a concave function, then adds these transformed wellbeing levels across people. The concave function has the effect of counting a gain in well-being
more heavily if it is received by someone with an initially low well-being than by someone who
is better off. An important limitation of SWFs is that they require agreement on some method to
measure (summarize) individuals’ well-being in a way that can be compared between individuals
(i.e., so that one can say which of two individuals gains more from a specified change). A second
limitation is that one must specify which SWF is appropriate, including specification of
numerical parameters that characterize the degree of aversion to inequality and other features of
the SWF. Although these functions have strength in theory, they have rarely been applied in
practice.
One advantage of methods that aggregate the attributes (effects) into an index is that the
aggregation formula is explicit. This promotes transparency, in comparison with reporting
disaggregated attributes. On the other hand, individuals who disagree with the weighting of
attributes in an index may find the index invalid. An advantage of reporting individual attributes
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separately (as in the radar diagrams) is that stakeholders can discuss and debate trade-offs among
the attributes.
BUDGETARY CONSIDERATIONS
The complexity and dynamics of the food system make truly comprehensive approaches to
assessing its health, environmental, social, and economic effects ambitious and costly. But
quality assessments of focused problems can be done at lower cost, with acknowledged
limitations.
Simplified, lower cost assessment approaches should explicitly recognize how simplification
is likely to affect results. Simplification calls for assumptions that narrow the validity and/or the
potential to extrapolate general lessons from the results. Plans for how to simplify assessments
should start by considering the food system as a whole. First, they should explicitly identify what
assumptions are necessary to make the simplification(s) under consideration useful and
appropriate. One common simplifying assumption of ceteris paribus holds that everything
outside the model is held constant. Another is to restrict focus to only certain effects of the food
system (often because budgets limit the range of expertise among the assessors). Assessment
teams should be explicit about potential effects of narrowing the range of assessors’ domains of
expertise, which can include biases from their own professions or scientific disciplines. Second,
for each simplifying assumption, assessors should evaluate the likelihood of conditions occurring
that would invalidate the assumptions. If such a condition is likely to occur, then the assumption
is inappropriate.
One useful way to present a simplified assessment protocol is to list explicitly the domains
and dimensions of the food system, indicating how each one is addressed and what the associated
assumptions are. Explicit acknowledgment of the assumptions behind the scope of a study is
rare, and we know of no assessment to date that clearly documents assumptions along these
lines. One assessment protocol that moves in this direction describes for each step in the
assessment what is “basic” information (cheaper to collect, but implicitly with more limiting
assumptions) versus “extended” information (more costly, but freer of assumptions). This listing
is applied to multidomain assessment of the impacts of integrated pest management (Swinton
and Norton, 2009).
All studies make some simplifying assumptions. To inventory relevant assumptions, a check
list can be a useful point of departure. Box 7-6 offers a series of questions to help test for implied
assumptions about several dimensions of complexity that are especially prone to simplification.
Whether these assumptions are valid deserves attention at the time of the initial scoping exercise.
Specifically, what major interactions are omitted? Are dynamic feedbacks omitted or reduced?
What level of heterogeneity is captured in human populations? What about heterogeneity in the
environmental setting (e.g., land, water, air, biodiversity)?
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BOX 7-6
Checklist for Implied Simplifying Assumptions

1.
2.
3.
4.

Does it encompass the full food supply chain?
Does it address all four domains and dimensions of effects?
Does it account for interactions and dynamic feedback processes?
Does it account for heterogeneity in the human population and environmental setting?

ENGAGING STAKEHOLDERS
Similar to the guidance provided in the National Academy of Sciences reports on risk
assessment, science and decision making, and health impact assessment, this committee views
stakeholder2 engagement and participation as important components of the proposed framework.
The early and central role of stakeholder identification and participation has been described in
these aforementioned reports, as well as by the Presidential/Congressional Commission on Risk
Assessment and Risk Management (1997), and this approach also is supported here.
Stakeholders have the potential to make valuable contributions at each stage of the assessment
process. For example, information collected from stakeholders can help to illuminate important
issues, focus the scope, provide local knowledge on the problem of interest and potential
impacts, offer suggestions for alternatives that might be acceptable to the public, share
perspectives on the recommendations, identify ways to disseminate the findings, and allow for
representative participation from those with a stake in the problem bring addressed by the
assessment (NRC, 2008, 2011). Stakeholder involvement during the assessment step can be
especially important when data are lacking.
Techniques for active stakeholder engagement vary, but should address and respond to the
specific barriers and challenges identified for engaging each stakeholder group relevant to any
given assessment. Prior assessments have engaged stakeholders using open community meetings,
public hearings, more structured focus groups, surveys, webinars, interactive technologies, and
open written comment periods (NAS, 2003; NRC, 2008, 2009, 2011). Further guidance on the
best practices to engage stakeholders can be found in several documents, including the
Stakeholder Participation Working Group of the 2010 HIA in the Americas Workshop (2012),
NRC (2008), Israel (1998), and a classic paper by Arnstein (1969).
The committee also recognizes that stakeholder participation can present many challenges
and teams conducting food system assessments should become familiar with potential pitfalls
and consult with other groups that are experienced at addressing them. Reported experiences
from previous impact assessments (e.g., Environmental Impact Assessment [EIA], Health Impact
Assessment [HIA]) show that participatory processes can sometimes favor those who have more
resources and expertise and exclude those with fewer resources (NRC, 2008, 2009, 2011). In
addition to representation of diverse interests, careful consideration should be made about
whether key leaders or formal groups are authorized or in a position to “represent” the class of
2

Stakeholders are community groups, industry, consumers, advocacy organizations, and workers who are not part of
the technical assessment team and are often detached from the assessment process (NRC, 2009, 2011).
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stakeholders or the broader public, such as in the case of a union leader speaking on behalf of his
or her union membership, or industry executives representing the interests of consumers or
workers. Thus, using a participatory process requires careful thought about both who is involved
in the process and who is omitted from the process. Stakeholders inevitably have biases in their
perspectives, and effective engagement processes use mechanisms to make these biases
transparent. Other challenges to effective stakeholder engagement may include limited resources
or expertise among the assessors in participatory engagement methods; the public’s distrust of
scientists, research, or public processes; and practical considerations, such as language or literacy
barriers (NAS, 2003; NRC, 2011). Finally, it is important to note that applying the framework to
a highly polarized and controversial topic may require that the scientific assessment process
maintain a certain distance or buffer from the influence of powerful stakeholders in order to
create space for objective and independent decisions related to scoping, scenario development,
and analysis activities.
USING THE FRAMEWORK
The framework provides a set of design considerations for planning an assessment of the
food system across the domains of health, environmental, social, and economic effects. It invites
the user to think explicitly about system boundaries, dynamics, heterogeneity across space and
populations, and the range of driving forces that shape food system outcomes. The framework is
necessarily very general, as specifics for any particular study will depend on the problem being
examined. Most existing studies, regardless of methodology, define rather narrow boundaries to
construct a model, find or collect suitable data, and interpret the results in a way useful to their
purpose. Inevitably, many of these studies make the assumption that “all else remains
equal/unchanged” except the perturbations in their study. What this framework suggests is that
all else does not remain equal and that any meaningful assessment must consider the likely and
unintended consequences of proposed change or of the status quo when its performance is in
question. An illustrative, brief example on antibiotic resistance (Box 7-7) is provided to
demonstrate how the various steps of the framework might be applied. Five additional detailed
examples are presented in the Annexes to this chapter.
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BOX 7-7
Illustrative Example: Antibiotic Resistance
The recent rise in antibiotic resistance (AR) among pathogenic bacteria has become a
global public health crisis, and is now recognized as one of the top health challenges facing the
world in the 21st century (Woolhouse and Ward, 2013; Marshall and Levy, 2011; Smith et al.,
2002; CDC, 2013). Growing resistance may lead within decades to ineffectiveness of entire
classes of antibiotics that are currently central to clinical treatment of humans (Wellington et al.,
2013) as well as agricultural production (Teuber, 2001).
The problem of antibiotic resistance provides an excellent example to motivate and illustrate
the framework presented in this report. Below, we walk through the six key framework steps,
discussing key considerations for potential assessments of the problem of AR, and highlighting
the importance of all four crosscutting framework themes. As will become clear, the problem of
AR involves all three domains of effects, substantial complexity and dynamics across the entire
food system, and important potential trade-offs between food system or policy configurations.
Steps for Applying the Framework
The text below does not represent an implemented assessment of AR, but rather is intended
to highlight the features of the problem and potential decisions that would be important to
consider in undertaking each step of any such assessment. It follows the six central steps of the
framework: (1) Problem and Question; (2) Scope; (3) Scenario; (4) Analysis; (5) Synthesis; and
(6) Reporting.
Identify the Problem
Assessment should begin by defining the key elements of the problem under consideration,
including historical and food system context. Antibiotic resistance is a naturally occurring and
ancient phenomenon, but its extent has likely been affected in recent history by increased use
of antibiotics by humans for two purposes: medical care and food system use (Woolhouse and
Ward, 2013; Teuber, 2001; Marshall and Levy, 2011; Wellington et al., 2013; Gustafson and
Bowen, 1997; CDC, 2013). Widespread antibiotic use for treatment of bacterial infection in
humans began in the early 20th century. More recently, antibiotic use also has become
widespread within the food system, in three distinct applications: therapy (veterinary treatment
in farm animals or aquaculture); prophylaxis to prevent endemic disease in herds, flocks, or
orchards; and use at subtherapeutic levels for increased growth and feed efficiencies (especially
in livestock) (Woolhouse and Ward, 2013; Teuber, 2001; Marshall and Levy, 2011; Smith et al.,
2002).a The use of antibiotics as growth promoters was first advocated in the 1950s and
became widespread as the cost of application came down (Marshall and Levy, 2011; Gustafson
and Bowen, 1997). Today, estimates vary regarding the relative quantity of antibiotics used in
the U.S. food system versus those used in human medicine—and antibiotic use in food
production varies substantially throughout the world (Woolhouse and Ward, 2013; Teuber,
2001; Marshall and Levy, 2011; Smith et al., 2002; Wellington et al., 2013; CDC, 2013).
However, most experts agree that antibiotic resistance is now widespread in both settings
(human and food system) and that both contribute to the rise in AR through multiple, complex
pathways (Woolhouse and Ward, 2013).
To proceed with applying the framework, the assessment team should define clearly the
specific question to be answered. Several distinct questions are raised by the growing problem
of AR, and the relative focus might vary between assessments. For example, one central
question is “what is the impact of the current U.S. food system (relative to human medicine) in
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driving the growth and maintenance of AR?” Other relevant research questions are, “What is the
relative importance of the various distinct pathways through which food system dynamics
influence AR?” and “What will be the likely impact on future AR of one or more specific shifts in
food system structure or policy?” Some assessments may wish to answer more than one of
these questions in a linked way. Choices of scenario, data, and analytical method (below) will
be driven in part by the choice of question.
Define the Scope and Scenario
The next steps in applying the framework involve defining the Scope and Scenario under
consideration. In these steps, two important themes are central to a good assessment. The first
is to “recognize effects across the full food system” and across biophysical, social, economic,
and institutional contexts for the system. For an assessment of AR, consideration of the entire
supply chain is likely to be important—including chemical manufacture of antibiotics as inputs,
use for treatment or growth promotion (e.g., in animal husbandry, aquaculture, or fruit
production), use for medical purposes by food workers, and the potential exposure of
consumers to resistant bacteria through food or environment (Woolhouse and Ward, 2013;
Teuber, 2001; Marshall and Levy, 2011; Smith et al., 2005; Wellington et al., 2013). Multiple
contexts also will be important, including environmental transfer of resistance genes among colocated bacteria, the food production and processing workplaces, and even patterns of global
flow in water, human contact, and animal migration (Allen et al., 2010; Marshall and Levy,
2011).
A second key theme is to “consider all domains and dimensions of effects.” In the case of
AR, existing evidence already suggests multiple effects in all three major domains considered in
this report. Economic effects include benefits of antibiotic use, such as enhanced production of
food at decreased cost and the prevention of costly epidemics, but also economic costs, such
as excess medical spending due to AR (Gustafson and Bowen, 1997; CDC, 2013). Health
benefits include reduction in zoonotic disease and bacteria and parasites entering the food
chain; health costs include decreased ability to effectively treat some diseases due to resistance
and movement to more toxic or less effective medicines due to AR (Wellington et al., 2013;
Marshall and Levy, 2011; CDC, 2013). Antibiotic resistance developed in the food system can
affect human health via two pathways, direct contact with animals by way of food consumption
and contact with bacteria in the environment. Environmental effects extend beyond growth in
the soil and water “resistome” within ecosystems to impacts on non-human, non-food species
through the build-up of antibiotics (many of which are not very biodegradable) (Wellington et al.,
2013).
The choice of a scenario (specific food system configuration) for assessment should be
driven primarily by the specific question chosen in Step 1. For questions about the relative
contribution of the food system and human medicine to current AR, historical and/or current
configurations of the system will be appropriate to consider. For questions about the potential
impact on future AR of changes to the status quo, appropriately modified configurations may be
more relevant.
Conduct the Analyses
Choice of data metrics and analytical method also will be driven, in part, by the specific
question chosen. However, features of the topic (here, antibiotic resistance) will likely also
provide important guidance. In applying the framework, two key themes for analysis are critical.
First, analysis should “account for system dynamics and complexities.” This is especially
important in the case of AR, as the evidence suggests that each of the characteristics of a
complex system (Chapter 6) is both present and important. Adaptation is central to AR—
evolution of resistance is an adaptive response by bacteria species over time (Allen et al., 2010;
Smith et al., 2005). The emergence and spread of AR within and between species is a complex
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and dynamic process involving selection pressure, population dynamics, and evolution
(Marshall and Levy, 2011; Smith et al., 2005; Wellington et al., 2013); sufficiently rich
representation of this process can be critical to accurate assessment of changes in AR. Some
evidence suggests that timing and sequence of any interventions into the system can matter
enormously, and that the dynamics of AR spread may be highly nonlinear (Marshall and Levy,
2011; Smith et al., 2002). Also important is interdependence between factors within (and outside
of) the food system. For example, genetic selection for resistance can be driven by the
interaction of the total amount of antibiotics used in the system and how many individual
animals are consuming them (Marshall and Levy, 2011). Similarly, the impact of use within the
food system may depend on interaction with transmission dynamics outside of the system (e.g.,
within human health care) (Smith et al., 2005). Feedback between prophylactic and treatment
use within the food system, as well as feedback among classes of antibiotic drugs used in food
production and in human medicine, are well documented (Marshall and Levy, 2011; Phillips et
al., 2004). Finally, spatial complexity plays an important role in AR. Population structure and
movement (both of humans and animals) shape the dynamics of its spread, and antibiotics
themselves (as well as resistance genes) move through space via wind, dust, watershed,
insects, and soil (Allen et al., 2010).
A second theme for analysis is to choose appropriate methods and metrics for the topic. In
the case of AR, data challenges loom large. The spread of AR bacteria and resistance genes
are intrinsically difficult to measure, given the multiple pathways at work and the potentially long
chain from origin to destination (Smith et al., 2005). Moreover, data are in short supply. Data on
antibiotic use are not systemically collected in the United States; in much of the world, the use
of antibiotics for growth promotion is unregulated and no data are collected at all (Marshall and
Levy, 2011; WHO, 2014). Widely varying empirical estimates can be found for many questions.
For example, attempts to estimate the relative amount of antibiotics used in human medicine
and in the food system reach conclusions ranging from roughly comparable amounts in both
contexts to much higher levels of use in the food system than in medicine (Smith et al., 2005;
Phillips et al., 2004). Within the food system, comparisons of the amount of antibiotic use for
growth-promotion versus therapeutic treatment range from roughly equal to an order of
magnitude higher (Smith et al., 2005; Phillips et al., 2004). Similarly, attempts to interpret the
impact of the “natural experiment” created by the European ban of non-therapeutic antibiotic
use vary, with some studies finding significant reduction in use and resistance (Marshall and
Levy, 2011), but others finding concomitant (and offsetting) increase in therapeutic use (Phillips
et al., 2004). New methods for measurement, including genome sequencing and advanced
molecular detection technology, offer potential to address some of these gaps (Woolhouse and
Ward, 2013; Marshall and Levy, 2011), but are unlikely to fully address the limitations of
empirical analysis in this arena.
Partly for this reason, and partly because of their ability to capture dynamic complexity,
mathematical and computational models are promising tools for the study of AR (Smith et al.,
2002, 2005; Wellington et al., 2013). They offer the potential to directly represent the biological
mechanisms at work (many of which are well understood), and to simulate dynamics across
populations and space (Verraes et al., 2013; Singer and Williams-Nguyen, 2014). Such models
can sometimes help anticipate the potential consequences of policy choices, and to guide timing
and implementation of interventions (Smith et al., 2002; Smith et al., 2005; Wellington et al.,
2013; Singer and Williams-Nguyen, 2014).
Synthesize and Report
The final steps in applying the assessment framework involve synthesizing and interpreting
results from the analysis, and then reporting the outcomes to multiple audiences.
In the context of rising AR, the absence of definitive data (and the limited amount of
modeling completed to date) has led to a debate over what to do (Woolhouse and Ward, 2013;
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Marshall and Levy, 2011). The “precautionary principle” has led the European Union and the
U.S. Food and Drug Administration (FDA) to err on the side of caution and limit antibiotic use
(Smith et al., 2005; FDA, 2014). The Centers for Disease Control and Prevention has argued
that the use of antibiotics for growth promotion in the food system, for example, “is not
necessary and should be phased out” (CDC, 2013). The FDA proposes a voluntary plan with
industry to phase out the use of certain antibiotics in food production. On the other side of the
debate, many have argued that appropriate risk assessments have not yet been carried out,
and that limiting antibiotic use in the food system is likely to have costly, known (and perhaps
unanticipated) consequences (Phillips et al., 2004). This helps to illustrate an important aspect
of many assessments—the results may offer no certainty or definitive guidance, leaving an
important role for judgment. Indeed, the assessment may uncover unavoidable trade-offs. An
assessment should aim to present results in a balanced and accurate manner that neither overnor underinterprets, recognizing that different audiences may draw different conclusions from
the report about “what to do.”
The framework also stresses the need to address (and include) many stakeholders as
audiences for reporting results. In the AR case, potential stakeholders include regulatory bodies,
livestock and aquaculture producers, food safety groups, physicians and hospitals, insurance
companies, drug manufacturers, environmental safety agencies, and consumers.
a

Use of antibiotics for growth promotion in aquaculture has been phased out in North America (although
imported seafood may have been treated in this way); therapeutic treatment of fish en masse by including
antibiotics in fish food continues (Marshall and Levy, 2011).

SUMMARY
This chapter provides the committee’s recommendation for an analytical framework that can
be used by decision makers, researchers, and other stakeholders to examine the possible impacts
of interventions and collectively evaluate the outcomes of specific food system configurations in
terms of the health, environmental, social, and economic domains. The committee recognizes
that a systemic analysis will be an expensive endeavor, and guidance is provided for situations
where analytical and financial resources may limit the scope of an assessment. Therefore, not all
steps or methods will apply equally, depending on the scope and topic chosen by the assessor(s).
Also, although boundaries and implications should be recognized, discrete questions might not
require a full systemic analysis. In other instances a systematic review of the literature for the
relevant questions might be warranted rather than a full systemic analysis.
The goal of the framework is to guide the evaluations and the decision-making processes in
the area of food and agriculture. However, any analysis is simply one input into the actual
decision making, and many other factors come into play, such as judgments, that are beyond the
scope of the report. This framework would be useful for: (1) identifying and potentially
preventing unintended effects of an intervention; (2) promoting transparency among stakeholders
about decisions; (3) improving communication and providing a better understanding of values
and perspectives among scientists, policy makers, and other stakeholders; and (4) decreasing the
likelihood of misinterpretation of results.
The framework is based on four principles that are associated with a desirable scope of an
assessment. A good assessment should:
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1. Recognize effects across the full food system;
2. Consider all domains and dimensions of effects;
3. Account for systems dynamics and complexities; and
4. Choose appropriate methods for analysis.
The assessment framework calls for considering four dimensions of effects—quantity,
quality, distribution, and resilience—that measure how much of what the food system provides,
where and to whom it goes, and how sustainably it can do so.
An assessment follows six implementation steps, including problem definition (determining
the need for assessment and defining goals and objectives), scoping (characterizing system
boundaries, components, processes, actors, and linkages), scenario definition (identifying
baseline and alternatives, as appropriate), analysis (conducting the assessment), synthesis
(synthesizing and interpreting results), and reporting (communicating findings to stakeholders).
The chapter discusses in detail the steps outlined and considers the variety of analytical
methods that might be used in an assessment, as well as how to engage stakeholders throughout
the assessment process.
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Annexes: Examples to Illustrate the Framework

In the process of developing this report, the committee found several instances where a
change in a configuration (in policy or practice) or recommendation within the food system
could lead to unintended and unexpected consequences in multiple domains beyond its
immediate objective. These various instances demonstrate how an analytical framework that
includes health, environmental, social, and economic domains is necessary for conducting more
accurate assessments of any potential change to the food system.
The committee chose six examples (see Box 7-A-1) from different parts of the food system
to illustrate how the committee’s proposed analytical framework would be applied. The
framework could assess the effects of a change in a food system configuration (e.g., a policy or
practice) either on its own or in comparison with a different scenario. Each example below
illustrates how the lack of consideration in areas beyond the immediate desired outcome can
result in wide-ranging and unexpected effects, and how a comprehensive approach is needed to
incorporate possible ripple effects, interdependencies, interactions, and feedbacks.
The examples were selected because they address current questions or concerns that have had
or could have important consequences, whether those consequences are positive, negative, or
unintended. Each example takes the framework and follows the steps prescribed by the
framework (see Box 7-1) to show how it could be used. However, any analysis, synthesis, and
reporting on those examples are excluded from this report as it goes beyond the committee’s
Statement of Task. Also, even though the scoping step is critical for identifying important
dynamics of the system, the committee was unable to carry out the scoping step in a thorough
manner (it did not include a systematic review of topic areas) due to time and resource
limitations. Instead, the committee selected the most salient effects and identified relevant
scientific papers. For the analysis step, the committee reflected on needs in the area of data
collection and general methods, but it did not deliberate on the best data or methods for a
particular scenario. In addition to the time and resource limitations mentioned, a thorough
assessment needs to carefully select the assessment team and level of stakeholder participation
based on the initial questions. The committee was not constituted with the goal of performing an
analysis in any of the particular questions, a step that was clearly outside of the statement of task
and would need an assessment team with expertise in areas relevant to the particular question(s)
to be addressed. Likely, the details of performing the synthesis (e.g., whether to aggregate the
traits into an index or do a cost–benefit analysis) and the reporting (e.g., who are the
stakeholders) would be the prerogative of the assessment team. Therefore, readers should not
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take any of the specific analyses or configurations as recommendations, but as examples for
future consideration.
Each of the examples below conveys how different aspects and principles of the framework
need to be applied. For instance, the example on fruits and vegetables focuses on the number and
diversity of actors that drive the system, whereas the nitrogen example highlights the need for
intense data collection over time and geographical locations. It should also be noted that the
example on Policies on animal welfare dealing with commercial egg production is the only
example for which a team of assessors is currently conducting an assessment. This example is of
particular interest because the methodical approach taken to answer the questions happens to
closely coincide with what is proposed for a framework. As recommended in the framework and
outlined in the examples, the limitations and boundaries should be noted, such as how data
collection was restricted to one farm, therefore it may not be appropriate to extrapolate such data
to other regions or farms where other factors could play a role.
Lastly, for all the examples, the steps of the framework are followed in a sequential manner:
the problem, the scope, the scenario, and the analysis. However, the committee recognizes that in
reality the framework might be implemented in a circular, iterative manner where additional
questions, description of the scope, reviews of the literature, or analysis of data might be initiated
when needed at any point during the process of assessing the system.
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BOX 7-A-1
Examples of Food System Configurations Selected to Illustrate the Application of the
Framework
The use of antibiotics in agriculture. The wide use of antibiotics in agriculture may contribute to
the development of antibiotic-resistant organisms with implications for human and animal health.
Analysis of historical and/or current configurations of the system may yield insights about the
relative contributions of the food system and of human medicine to current growth in antibiotic
resistance.
Recommendations for fish consumption and health. Consumption guidelines for fish have not
considered the availability of enough fish to meet them and the potential environmental impacts.
Several alternative scenarios could entail a change in dietary recommendations or the
application of new technologies (e.g., sustainable farming production methods).
Policies mandating biofuel blending in gasoline supplies. Biofuel policies intended to increase
the country's energy independence and decrease greenhouse gas emissions compared to fossil
fuel were implemented without consideration of wider environmental effects and effects on
domestic and global food prices.
Recommendations to increase fruit and vegetable consumption. The purpose of this
assessment could be to understand the barriers and inducements to fruit and vegetable
consumption so that better interventions to increase consumption can be implemented.
Nitrogen dynamics and management in agroecosystems. The use of high levels of nitrogen
fertilizer to increase crop yields has environmental, health, and economic consequences that go
beyond immediate concerns with crop yields. A baseline scenario could be one that is mostly
reliant on mineral fertilizers without the use of methods to increase nitrogen uptake and
retention. For comparison, an alternative cropping system could be less reliant on mineral
nitrogen fertilizer and emphasize biological nitrogen fixation, manure and organic matter,
amendments, cover crops, and perennial crops.
Policies on hen housing practices. This case study presents an assessment that is currently
being conducted to analyze the implications for productivity, food safety, and workers’ health of
changing egg production practices. Data for the assessment are currently being collected on
three types of hen management systems.
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ANNEX 1: DIETARY RECOMMENDATIONS FOR FISH CONSUMPTION
The Fish System: A Complex, Adaptive System with Diverse Actors
Despite the presence of contaminants in fish such as methyl mercury, the belief of many
experts has been that consuming fish is beneficial for health. The Dietary Guidelines for
Americans, 2010 recommends consumption of 8 ounces of seafood per week (USDA and HHS,
2010). An analysis of the impacts of these recommendations constitutes a good example of a
policy that, if realized, could have unintended consequences in dimensions beyond health,
including environmental, social, and economic effects. The committee’s framework could be
applied to study how to integrate the health, environmental, and economic effects of fish
consumption.
The fish example specially illustrates the principle in the committee’s framework that
recognizes system dynamics and complexities (Principle 4) because it illustrates a dynamic
global system that involves multiple actors at all levels, from fishers to development agencies to
nutritionists offering dietary guidance. These actors have different goals and information and
they often disagree among themselves on issues such as the strength of the evidence of effect
of eicosapentaenoic acid and docosahexaenoic acid on health. They also may have different
views and awareness of food security in the short and long terms, and most have not thought
about the effects of changed fishing policies on different populations. For example, in some
geographical areas, the fisheries sector might benefit from increased demand while in others it
might lead to economic declines and food insecurity. A lack of institutional capacity makes it
difficult to include those most directly affected in policy decisions and safety and biodiversity
discussions. At the same time, multiple signs of adaptation by various actors to the decline in
fish and aquatic stocks are evident. These include the immense growth in aquaculture,
especially in Asia; the significant research on environmentally benign production methods; and
the distribution of information about fish caught or produced under sustainable conditions.
These changes are not consistent around the world or even within the same country.
Geographical diversity and spatial complexity are particularly important in the fish example.
The global nature of fish and the particular circumstances of its production and distribution
by multiple players along multiple supply chains governing flow among countries, as well as
global market signals, produce many unintended effects, including those described above. The
geographic distances introduce long lag times into feedback loops between consumption and
production. A dearth of research on the effects of current practices, as well as climate change
on future capacity, present serious challenges to all the actors in the system.
A number of the elements of this complex, adaptive system have already been assessed.
Still, knowledge gaps persist, stakeholders disagree about the extent of the problem, and
debates continue among scientists about the validity of research findings and assumptions.

Fish and other types of seafood are an important source of protein worldwide. Globally, they
comprise about 6 percent of dietary protein, but for 3 billion people, fish account for up to 20
percent of the average per-capita intake of animal protein (FAO, 2014). Fish and seafood also are
sources of other important nutrients, including the long-chain polyunsaturated fatty acids
(PUFAs) eicosapentaenoic acid/docosahexaenoic acid (EPA/DHA), which are associated with
reduced heart disease risk.
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Because of the potential health benefits of fish, the Dietary Guidelines for Americans, 2010
(DGA) recommend that people consume 8 ounces of seafood per week, especially marinederived “oily” fish such as salmon, mackerel, sardines, pompano, anchovies, swordfish, trout,
and tuna, to provide an average daily consumption of 250 mg of EPA/DHA per day (USDA and
HHS, 2010). Other fish provide these fatty acids, but levels are low enough that very large
amounts of fish would have to be consumed each day to meet the recommendation. Although
another omega-3 fatty acid, alpha linolenic acid (ALA), can be converted into EPA and DHA,
the conversion is fairly limited in humans. The Dietary Guidelines also recommend consumption
of a variety of types of seafood to reduce the amount of methyl mercury consumed from any one
type. Five of the top 10 consumed seafood are low in mercury—shrimp, light tuna, salmon,
pollock, and catfish (AHA, 2014).
Fish consumption in the United States is low: 6.8 kg per capita in 2011 (measured by food
intake, not availability). Per-capita intake data show the mean seafood intake is approximately 9
g per day, and nearly 50 percent of this is shrimp (Raatz et al., 2013). Of the top 10 fish
consumed,1 only salmon contains a sufficient amount of EPA/DHA per serving to meet the 250
to 500 mg per day recommended by some groups. Moreover, data from the National Health and
Nutrition Examination Survey (NHANES) 2003-2008 food consumption survey show that only
20 percent of fish consumed was in the high omega-3 group (Papanikolaou et al., 2014). At best,
the intake of these PUFAs is about 40 percent of the suggested level.
The amount of fish available per capita in the United States has declined since 2006 from
16.5 to 14.4 pounds per capita in 2012 (NFI, 2013). Studies show that familiarity, price, and
freshness most influence consumer decisions to purchase fish (Hall and Amberg, 2013), and the
decline has been attributed to fish prices, as well as to a number of other factors. Some research
suggests one reason for the decline is the fish advisories regarding methyl mercury and other
toxicants, as discussed below. An unintended consequence is that instead of choosing seafood
with lower mercury levels, many consumers have reduced their intake of fish altogether
(Rheinberger and Hammitt, 2012). Given that consumers often do not have access to the facts
they need to make fully informed choices, the seafood industry along with restaurants and
retailers are key determinants of the amount, type, and form of fish that people consume by
affecting cost, availability, and the desirability of different fish (Oken et al., 2012).
Fish consumption is the final link along the supply chain of the fish subsystem, which is
connected to natural resources both domestically and globally. Figure 7-A-1 represents a map of
this food subsystem with a selection of actors and processes that will be affected if demand is
increased.

1

Shrimp, canned tuna, salmon, tilapia, pollock, pangasius, crab, cod, catfish, and clams.
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Identify the Problem
Assessments are typically triggered by a broad problem or concern. The first step, identifying
the problem, is often done based on a literature review and consultation with stakeholders. The
problem identified in this example is that if consumers were to fully follow the Dietary
Guidelines seafood recommendation, significant increases in the supply of fish would be
necessary. An assessment team would explore the health, environmental, social, and economic
consequences (in the United States and abroad) of following the current DGA’s
recommendations for fish consumption compared with the current consumption of fish.
Determine the Scope of the Problem
After identifying the problem, the second step in an assessment is to establish the boundaries
of the analysis, and describe the major drivers and the relevant health, environmental, social, and
economic effects (Figure 7-A-1). This step is critical to defining appropriate dietary
recommendations for oily fish consumption that meet multiple goals, because meeting those
goals may require trade-offs between the potential health effects of the recommendations and
their environmental, social, and economic effects. For this example, the boundary of the system
to be modeled is the United States, operating within a global fish system, and we provide a brief
literature review to describe these drivers and their mechanisms.
Health Effects
Nutrition In the early 1970s, researchers reported that Greenland Eskimos (Inuits) had very low
rates of heart attacks and less heart disease in general compared with Danish counterparts (Bang
et al., 1971). The scientists attributed these health benefits to the consumption of fish and sea
mammals containing high levels of the long-chain PUFAs. Over the ensuing decades, thousands
of research studies have been conducted to determine the effects of fish and fish oils on human
health (O’Keefe and Harris, 2000). The results of this extensive research led to the
recommendations for fish consumption in the 2010 Dietary Guidelines. The benefits are
primarily considered to be a reduction in risk of coronary heart disease in adults and an
improvement in cognitive development in infants and young children. Recently, Fodor et al.
(2014) questioned the early studies of Greenland Eskimos, pointing out that subsequent studies
showed the incidence of heart disease in the Eskimo population in Greenland and in Alaska and
Canada to be similar to that of the non-Eskimo population.
These inconsistencies in results raise the question as to how strong the association is
between reduced cardiovascular disease risk and fish intake. Despite this question, experts in
many countries offer dietary advice to their populations regarding fish and fish oil intake. At this
time, seafood is the primary source of EPA/DHA in human diets (IOM, 2007). Fish do not
synthesize these fatty acids, but obtain them through diets consisting of algae and krill or other
fish. Most infant formula is now supplemented with DHA that comes from algal sources.
Food Safety Some health organizations (e.g., the American Heart Association, the World
Health Organization) acknowledge that a number of species of fish contain significant levels of
methyl mercury, polychlorinated biphenyls, dioxins, and other environmental contaminants.
These contaminants are generally higher in marine mammals and in older, larger fish that are
higher on the food chain (i.e., higher trophic-level fish). Mercury is a contaminant of oceans,
fresh water lakes and rivers, and soil arising from natural geologic processes or from
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atmospheric fallout, largely from coal-fired power plants. The mercury concentrates through the
fish food chain primarily in the form of methyl mercury, which is a neurotoxin and a possible
risk factor for cardiovascular illness (Ginsberg and Toal, 2009). Since the early 1970s, states
have provided advisories regarding the safety of fish caught in their waterways and lakes. In
1994, the U.S. Food and Drug Administration (FDA) issued its first national advisory to limit
consumption of swordfish. In 2001, it issued its second advisory for commercially harvested and
processed fish.2 FDA was criticized then for ignoring the stronger recommendations of a
National Research Council panel, which had concluded that the FDA standards were outdated
(NRC, 2000). In 2001, the U.S. Environmental Protection Agency (EPA) also issued similar
advisories for fish being caught by anglers. In 2004, FDA and EPA published their first joint
advisory warning pregnant women, women planning to become pregnant, nursing mothers, and
young children to eliminate shark, swordfish, king mackerel, and tilefish from their diets and to
limit their consumption of other fish to 12 ounces per week to minimize exposure to methyl
mercury (FDA/EPA, 2004). This was a higher amount than recommended by the Dietary
Guidelines, demonstrating an inconsistency in consumer advice. In June 2014, FDA and EPA
issued a draft of a new advisory suggesting that pregnant women eat at least 8 ounces and as
many as 12 ounces of fish per week that are low in mercury. They also recommended limiting
consumption of albacore tuna by pregnant women to 6 ounces a week, and said that women and
children should follow advisories from local officials regarding fish from local bodies of water
(FDA/EPA, 2014). This advice was given despite recent research (Karagas et al., 2012) that
demonstrated adverse effects of prenatal methyl mercury exposure at doses similar to FDA
recommended limits. A recent analysis of blood samples collected during the 2007-2010
NHANES showed that 4.6 percent of adults sampled had blood levels of mercury at or above 5.8
ug mercury/liter, EPA’s cut-off point for a level without appreciable lifetime risk of deleterious
effects. Blood mercury levels increased significantly as the frequency of consumption of shark
and swordfish increased. Blood mercury increased as well when the frequency of salmon and
tuna increased, though not as rapidly (Nielsen et al., 2014).
In 2007, the Institute of Medicine (IOM) released a set of recommendations intended to
balance the risks and benefits of fish consumption with regard to nutrients and toxicants. In
general, the advice was to eat two 3-ounce portions (cooked) of fish per week, and for females
who are or may become pregnant or breastfeeding, and for children up to age 12, to avoid higher
trophic-level predatory fish (IOM, 2007). All other demographic groups were urged to choose a
variety of types of seafood to reduce the risk of exposure to contaminants from a single source.
Under the assumption that the potential benefits of fish consumption outweigh the potential
health risks, recent research has increased the specificity by quantitatively analyzing the net
risk/benefit of individual fish species based on their methyl mercury and EPA/DHA content
(Ginsberg and Toal, 2009). Ginsberg and Toal found that the omega-3 fatty acid benefits
outweigh methyl mercury risk for some species (farmed salmon, herring, and trout). The
opposite was true for swordfish and shark. Other species were associated with a small net benefit
(e.g., canned light tuna), or a small net risk (e.g., albacore canned tuna). In another study,
researchers calculated that newborns gained a modest amount of IQ points if their mother
complied with the FDA/EPA fish advisory. When health effects where monetized, their model

2

The 2001 FDA advisory recommended that pregnant women, nursing mothers, young children, and women who
may become pregnant not to consume shark, swordfish, king mackerel, and tilefish and that they do not consume
more than 12 ounces of other fish per week.
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also showed that this gain could be offset by an increase in cardiovascular risk if those older than
40 reduced their fish intake by one monthly meal (Rheinberger and Hammitt, 2012).
Seafood also has well-characterized hazards caused by microbes and naturally occurring
toxins (see Chapter 3). In 2007, the U.S. Centers for Disease Control and Prevention (CDC)
reported that among 235 outbreaks that could be attributed to a single commodity, seafood was
stated as the cause of 24 percent of the total. This means that given its low consumption, seafood
is responsible for a disproportionate number of outbreaks (Upton, 2010). In 2013, CDC reported
299 outbreaks in 2010 that could be attributed to a single commodity, and 37 of these were for
fish (CDC, 2013).
Environmental Effects
Caught Fish To increase the availability and affordability of needed protein-rich foods in the
developing world, government efforts to increase fishing capacity were greatly expanded in the
1950s. This was mainly accomplished by developing large industrial fishing operations with the
capability of landing a much greater tonnage of fish than before. World fisheries production
leveled off in the 1970s when the majority of fish stocks were being fully exploited. Global fish
production has increased about 80 times in volume since 1950 and was 158 million metric tons
(mmt) in 2012, including capture fish and aquaculture (FAO, 2014). The former has stabilized at
about 90 mmt over the past decade and aquaculture contributes more than 40 percent of total
production at this point (see below). About 136 mmt (86 percent) of fish production was used as
food for people in 2012 at a level of 19.2 kg per capita (FAO, 2014). This is a large increase
from the 1980s, when about 70 percent was used for human consumption and the remainder for
non-food uses such as fish meal or oil. In 2012, edible fish and shellfish landings from marine
waters by U.S. fishers were 4.4 million metric tons, the third largest producer country behind
China and Indonesia (FAO, 2014). The United States also is the second largest importer of fish
in the world, importing approximately 90 percent of its fish supply (FAO, 2012).
Customary natural resource management policies have favored the pursuit of maximum
yields, which has led to “spectacular resource collapses” (Newman and Dale, 2009). Since the
1970s when concerns about depletion started to increase, fisheries and fish stocks have been
studied extensively by different sectors using different metrics—a cause of some of the
disagreement about the issue. Demonstrating one example of the heterogeneity in the fish
subsystem, conservationists look at extinction risk (defined as species that have declined more
than 50 percent within the most recent 10 years or three-generation period). Fisheries3 estimate
biomass trajectories (called stock assessments) and reference points against which to benchmark
population status (Davies and Baum, 2012).
Although fisheries management has had some success in the United States, seeing a decline
in overfishing and some fisheries’ stocks rebuilding to healthy levels, the global situation is less
optimistic. In spite of a number of international treaties, illegal fishing is still a problem, and
management of fisheries is relatively ineffective in some countries. For example, illegal

3

In the United States, under the Magnuson-Stevens Fishery Conservation and Management Reauthorization Act of
2006, the National Oceanographic and Atmospheric Administration’s Office of Sustainable Fisheries helps manage
fisheries (e.g., meeting catch limits and ending overfishing and increased international cooperation), promoting
sustainable fisheries and preventing economic losses. They do their work by providing guidance to the Regional
Fishery Management Councils on management of fisheries.
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overfishing of bluefin tuna in the Mediterranean continues to be a problem. Globally, nearly 30
percent of fish stocks are overexploited, and about 60 percent are fully exploited (near their
maximum sustainable production level, which is defined as the largest catch that can be taken
from the species stock over an indefinite period) (FAO, 2014). Most of the stocks of the top 10
species consumed are fully exploited and will not increase in production (FAO, 2012). In
addition to human consumption of fish, another human-derived driver of this subsystem is
climate change. Wild fish stocks are expected to decline further with the stresses of climate
variability, such as ocean acidification, changes in temperature, nutrient supply, light availability,
and many others. Concerns are being raised about the negative effects of climate change on
marine ecosystems and habitats, decreased biodiversity, as well as fish stock depletions (Rice
and Garcia, 2011). The most recent Intergovernmental Panel on Climate Change Assessment
Report (IPCC, 2014) states that the projected impacts of climate change on fish stocks are very
negative on a global scale, although some fisheries will increase and that fishers can adapt by
decreasing pollution, changing fishing pressures, increasing aquaculture, and instituting more
dynamic management policies. In a review of the literature on impacts on ecosystem
productivity, a paper by Hollowed et al. (2013) offered a broad perspective on marine fish and
shellfish species’ habitat, human communities, and food security. The authors emphasized that
important questions regarding the effects of physical and biological processes and their
incorporation into models remain unanswered. They recognized the many uncertainties in
assessing the impacts of climate change. They also pointed to several areas where research is
needed, such as collecting physiological measurements as affected by multiple factors;
ecological monitoring of the interactions among physical, chemical, and biological components;
and estimating the vulnerabilities of countries to detriments in fisheries due to climate change.
Aquaculture As an adaptation to the decline in fish stocks, since 1981 world fish production
through aquaculture has expanded at an average annual rate of nearly 9 percent, but slowed
recently to approximately 6 percent growth (FAO, 2014). Inland aquaculture, which generally
uses fresh water, has increased from 50 percent of total aquaculture production in 1980 to 63
percent in 2012 (FAO, 2014). Of the top 10 consumed seafoods in the United States, 5 are either
primarily or substantially produced by aquaculture (Raatz et al., 2013). U.S. aquaculture
production is about 6 percent of U.S. seafood demand, but not all species raised are excellent
sources of EPA/DHA. Marine aquaculture is about 20 percent of U.S. aquaculture production
(NOAA, 2014), but the production was lower in 2012 in North America than in 2000, mainly
due to competition from countries with lower production costs (FAO, 2014).
Aquaculture production is steadily expanding. In fact, in 2011, global farmed fish production
exceeded beef production (Larsen and Roney, 2013), and by 2015 aquaculture is projected to
surpass capture fisheries (OECD/FAO, 2013). The expansion is bringing increased attention to
the environmental damage caused by different production systems, including the pressure on
wild fish stocks when they are used as feed sources (especially herring, anchovies, and sardines).
These are used to preserve traditional flavors and to provide sources of DHA/EPA to farmed
fish. Other problems caused by aquaculture operations include declines in water quality,
extensive energy use, antibiotic use, and invasive species (Diana et al., 2013; Oken et al., 2012).
Social and Economic Effects
Fisheries and aquaculture provided livelihoods and income for an estimated 58 million
people engaged in the primary sector of fish production in 2012, of which an estimated 7 million
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were occasional fishers and fish farmers, with 84 percent residing in Asia (FAO, 2014). In 2012,
about 19 million people were engaged in aquaculture (in Asia 97 percent of fish-related
employment is in fish farming). Employment in the fisheries and aquaculture primary sector has
continued to grow faster than employment in agriculture, so that by 2010 it represented about 4
percent of the 1.3 billion people economically active in the broad agriculture sector worldwide.
In the past 5 years, the number of people engaged in fish farming has increased by 5.5 percent
per year, compared with only 0.8 percent per year for those in capture fisheries (FAO, 2012).
Fisheries and aquaculture also provide numerous jobs in related activities, such as
processing, packaging, marketing and distribution, manufacturing of fish processing equipment,
net and gear making, ice production and supply, boat construction and maintenance, research,
and administration. All of this employment, together with dependents, is estimated to support the
livelihoods of 660 to 820 million people, or about 10 to 12 percent of the world’s population
(FAO, 2014).
Recognizing the size of the global workforce and the importance of engaging the workforce
as the industry develops, researchers are investigating (1) ways to place a greater emphasis on
local human capital because better trained and educated work forces will be able to adapt to local
conditions and production; (2) the development of risk management systems to enhance security
against invasive species, including pathogens; and (3) development of global standards for
sustainably produced products from aquaculture (Diana et al., 2013). Another useful tool is
social impact assessments (SIAs). In the United States, the National Oceanic and Atmospheric
Administration provides guidance on how to conduct and implement the results of assessments
that allow fishers and fishing communities to address the social impacts of fishery management
alternatives (Pollnac et al., 2006). This research makes clear that the seafood industry, especially
fishers, should be more involved in developing research and outreach projects to improve
management practices regarding environmental pollution such as feed types (replacing fishbased feed with plant sources) and water quality management.
In the United States, commercial fishing is one of the most hazardous and deadliest
occupations. The fatality rate for fishers is 124 per 100,000, which is astronomically higher than
the overall rate for all workers of 4 per 100,000 (CDC/NIOSH, 2014). Although the work
environments for commercial fishing operations vary significantly by the body of water and type
of fish being harvested, fishers generally encounter harsh working conditions, including extreme
weather, long work hours, strenuous physical labor, and living in confined quarters (BLS, 2014;
CDC/NIOSH, 2014). Leading causes of fatalities among fishers are sinking vessels, falling
overboard, and contact with onboard machinery and fishing gear (CDC/NIOSH, 2014; Lincoln et
al., 2008). The most hazardous U.S. fisheries, based on fatality rates, are the Northeast
multispecies ground fish fishery, Atlantic scallop fishery, and West Coast Dungeness crab
fishery (CDC/NIOSH, 2014).
Yet another issue is concern about the fact that the combined effect of rising demand and the
collapse of local fisheries has led developed countries such as the United States, Japan, and
members of the European Union to increasingly import large quantities of seafood from
developing countries. The proportion of fish and fish products being traded on the global market
is 40 percent versus 5 percent for rice (Jenkins et al., 2009). This demand puts intense pressure
on developing countries either to allow access of foreign fishing fleets into their coastal fishing
grounds or to export their fish to foreign markets. In either case, the local markets of developing
countries where basic nutrition and health are challenges (e.g., nations in West Africa) are
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deprived of an important source of protein for the sake of the developed world (Jenkins et al.,
2009).
Identify the Scenarios
To understand the effects of a new policy (e.g., changed dietary recommendations), or
technology (e.g., sustainable farming production methods), or a shock to the system (e.g.,
accelerated ocean warming in some parts of the world), an assessment of the fishing system
would include a step that compares the performance of the current system as described in the
scope—the baseline—with one or more alternative scenarios that reflect the proposed change.
For this example, the baseline is the current consumption of fish in the United States and the
alternative scenarios would be changes in consumption of seafood by the U.S. population, either
increases in consumption of fish to meet the current Dietary Guidelines or decreases in
consumption to meet other goals. The alternative scenarios would consider a variety of factors,
such as:
•
•
•
•

Different levels of fish recommendations, including the present DGA recommendations
and several lower percentages of that;
Different levels of or changes in methyl mercury levels consumed in fish that might result
from compliance with fish advisories by targeted populations;
Different amounts of wild and farmed salmon produced under different environmental,
climate change, and biodiversity conditions; and
Different levels of fish protein needed in various parts of the world.
Conduct the Analysis

In this step of an assessment, data, metrics, and analysis tools are used to examine the likely
health, environmental, social, and economic effects associated with the alternative scenarios. A
systemic analysis also would consider any assessments already conducted on the health,
environmental, social, and economic dimensions. Based on the framework principles, a seafood
analysis would use methods that describe potential key, dynamic drivers of the system, such as
the increased preferences for fish due to admonitions to consume more fish, the growth in
aquaculture, and potential fish stock changes due to climate change. Another important feature is
that it would account for the global effects as well as the distribution of effects for different
populations.
Previous Analyses
Previous work has examined the effects of increasing seafood consumption on various
dimensions, both quantitatively and qualitatively. For example, the IOM report described above
analyzed the scientific evidence for the nutritional benefits and safety risks from seafood (IOM,
2007). Also, Ginsberg and Toal (2009) identified a dose–response relationship for methyl
mercury and omega-3 fatty acid effects on coronary heart disease and neurodevelopment. Other
assessments have considered other dimensions of effects, in addition to health. Jenkins et al.
(2009) looked at the evidence base for long-chain PUFA consumption; the decline of fish stocks;
the global social and economic effects of the increasing demand for fish; fish farming and
aquaculture and the constraints on its growth; contaminants in fish; and alternative sources of
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EPA and DHA. They concluded that there should be an assessment of the environmental impact
of dietary guidelines to consume more fish before the guidance is issued, as is the case for other
dietary recommendations. In the most comprehensive treatment of this issue, Oken and her
colleagues (2012) concluded that information integrating the health, ecological, and economic
impacts of different fish choices is lacking. Rice and Garcia (2011) reviewed projections to 2050
for global population growth and fish production that anticipates climate-related change and
effects on biodiversity. They concluded that the projected 50 percent increase in fish production
from both capture fisheries and intensive farming would be incompatible with the present
proposed interventions to address pressure on marine biodiversity. This supports the need for
consideration of the impact of climate change and population growth when providing
recommendations about fish consumption, and the necessity of putting emphasis on lower
intensity aquaculture systems (Diana et al., 2013).
New Analyses
For this example, an assessment team would select specific data sources, metrics, and
methodologies for the analysis. Data sources could include (1) self-reported NHANES data on
consumption of oily fish (assuming it can be disaggregated); (2) monitoring data on methyl
mercury from FDA, EPA, and mercury concentration databases in Karimi et al. (2012); (3)
global data on wild caught and farmed salmon production from the Food and Agriculture
Organization or other sources; and (4) simulated or actual data on biodiversity, climate change,
and pollution levels in marine and freshwater systems.
A number of different methods already have been used to measure various effects. One of
these is a model to carry out SIAs of fisheries (Pollnac et al., 2006). Another is a model of
integrated risk/benefit analyses using dose–response relationships and secondary data analyses
from individual studies of methyl mercury and omega-3 fatty acid levels in various kinds of fish
(Rheinberger and Hammitt, 2012). Two other modeling schemes that seem particularly well
adapted to a dynamic and complex fish system are agent-based modeling (ABM) and Systems
Dynamics. ABM constructs artificial societies on computers, with agents placed in a spatial
context with specified internal conditions and a set of adaptive rules that govern their interaction
with each other and with the environment. There can be substantial diversity among actors (e.g.,
fishers, distributors, and fish eaters): interactions produce output at both the individual and
aggregate system levels. Macro-level patterns and trends can be produced and the patterns (e.g.,
changes in fish consumption, marine biodiversity/fish stocks, and available fish protein) can be
compared with data to calibrate the model. Agent-based models are particularly useful to explore
policy questions (Hammond, 2009).
A Systems Dynamics model uses three core components to examine effects: (1) increases or
decreases in fish stocks over time; (2) flows, or the rates of change in the stock; and (3) feedback
loops that connect stocks and flows over time and over spatial distances and that can incorporate
changes in consumption and in recommended levels (Hammond, 2009).
Consideration of the health, environmental, social, and economic effects of fish
recommendations also could lead to additional questions requiring further research and analysis.
Some of the questions could include
•
•

What other dietary patterns have or could have similar effects on health outcomes?
Can the proposed benefits from fish consumption be achieved through supplements of
EPA/DHA produced by algae or yeast?
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What amount of fish is needed to meet increased fish demand and still maintain healthy
fish stocks?
What balance of wild caught and aquaculture products would produce the optimal
environmental outcomes?
What are the implications of increased demand for fish, specifically the economic
implications, for populations of fish-exporting countries?
What are the food security implications for populations that depend on fish as a major
source of protein in the diet?
How will climate change affect marine biodiversity and the productivity of wild caught
and farmed fish stocks?
How will international institutions mediate and develop policies that will reconcile the
differences among multiple competing interests related to this difficult problem?
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Biofuels Policy: A Problem that Operates in the Context of Energy Policy, but Has
Ripple Effects in the Food System
U.S. biofuels policy arose in response to shifting concerns about energy independence,
agricultural surpluses, and climate change. Before 2005, when the Renewable Fuels Standard
(a production mandate for biofuels), import tariffs, and other measures were enacted into law,
little prospective analysis was conducted on how the new policies would affect the food system,
much less the environment or health. The goal was to stimulate the production and use of
biofuels under the assumption that its use would decrease dependence on foreign oil, result in
reduced greenhouse gas emissions, and increase rural incomes (Tyner, 2008).
It did not take long after the new policies went into effect, however, for economists and
others to recognize that the linkages between energy markets and the food system created by
the policies had unintended consequences. These included increased costs for food producers,
upward pressure on globally traded commodity prices, and a public (and private) outlay of
subsidies for ethanol production that has been significantly greater than anticipated.
As corn is a food and feed staple, biofuels policy has had unintended effects on U.S.
agricultural production by altering the mix of crops planted. This also has had unintended effects
on the global food system, which seeks a predictable, and increasing, supply of food. Moreover,
the energy and environmental footprint of corn production calls into question its suitability as a
renewable substitute for gasoline. These trade-offs weaken the justification of the current policy
on the basis of U.S. energy security, particularly as reliance on imported oil has been reduced
recently by increased domestic energy production.
Although some studies have suggested that perennial grasses would provide environmental
and energy benefits over corn as an energy feedstock, the production of such crops and their
conversion to gasoline-compatible fuel on a commercial scale remain elusive. Consequently,
fuel blenders are unable to use cellulosic and other “advanced” biofuels at the levels mandated
by the Renewable Fuels Standard. Moreover, the most available biofuel—corn ethanol—has
reached a blending threshold that can’t be overcome without a greatly expanded flex-fuel
vehicle fleet and widespread fueling infrastructure for E85 (85 percent ethanol).
U.S. biofuels policy has been criticized both for falling short of its intended goals and for its
unintended effects on the environment and food system, but would alternative policies have
fewer shortcomings? The potential for the framework to be used to analyze trade-offs and
unintended effects in the pursuit of energy and environmental security is illustrated in this annex
exploring how the Renewable Fuels Standard might be compared to an alternate policy of
eliminating subsidies for fossil fuels. The elimination of such subsidies worldwide is a goal to
which numerous international bodies and their member countries, including the United States,
have committed, but not yet fulfilled. This policy alternative has potential impacts on U.S.
domestic agricultural production and the global food system, but the ways in which those
impacts are manifested are likely to be different from the Renewable Fuels Standard, as are its
health, environmental, social, and economic implications. Such a comparison would shed light
on the merits and shortcomings of different ways to pursue the same goals.
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Identify the Problem
As described in the committee’s framework, the first step of an assessment is to identify the
problem. For this example, the problem is how to achieve the dual goals of reducing
transportation-related greenhouse gas (GHG) emissions and decreasing U.S. reliance on foreign
oil while avoiding unintended social, environmental, and health consequences, including those
related to the food system, in the process.
Transportation is a major component of the U.S. economy and is fundamental to the mobility
and livelihood of Americans, who collectively drove nearly 3 trillion miles in 2013 (DOT, 2014).
However, as transportation also consumes 70 percent of imported oil (EIA, 2014) and is
responsible for 28 percent of all greenhouse gas emissions in the United States (EPA, 2012),
cleaner sources of transportation fuel under domestic control are needed. Biofuels produced from
domestic crop feedstocks represent one such alternative fuel. Corn, soybeans, and their products
have historically been a significant part of the U.S. food system, accounting for nearly half of all
acreage in crops. U.S. biofuels policy grew out of mounting corn and soybean surpluses and
declining supplies of fossil fuels in the late 1970s, at a time when GHG emissions were scarcely
a concern. In the face of recurring grain and oilseed surpluses, the United States saw an
opportunity to improve its energy independence, and over time developed extensive biofuels
promotion policies that were built around blending mandates, subsidies, and import protections.
Between 1980 and 2005, corn-based ethanol use as fuel grew steadily, aided by forgiveness of
the excise tax on gasoline and little foreign competition due to a specific-rate tariff on ethyl
alcohol imports of 54 cents per gallon, enacted in 1978 (Koplow, 2009). In 1988, “flex fuel”
vehicles (FFVs) capable of running on 85 percent ethanol (E85) were granted credits against
manufacturers’ Corporate Average Fuel Efficiency (CAFE) requirements, but fewer than 10
percent of FFVs actually used E85, undermining the intent of the credits (Mackenzie et al.,
2005). The 2004 enactment of the Volumetric Ethanol Excise Tax Credit changed the gas excise
tax exemption into a tax credit for ethanol producers, set initially at 51 cents per gallon (Koplow,
2009). Corn-based ethanol also got a boost from state and local financing credits and mandates
and from the banning of methyl-tertiary-butyl ether, a groundwater contaminant, as an oxygenate
in reformulated gasoline1 markets. Under the impetus of these incentives, corn-based ethanol
usage had reached around 4 to 5 billion gallons per year by 2005 (EIA, 2012).
Food system effects from this level of usage were generally modest. The co-products of corn
ethanol production, known as distillers dry grains and solubles (DDGS), became a larger portion
of beef and dairy cattle rations. The overall effects on animal production economics were not
large in this early period, but some employment and marketing shifts occurred locally. Net
employment gains were modest and sometimes temporary, as many plants failed or operated
intermittently in this period. More dramatic effects began in 2004 as oil prices started climbing
and in 2005 with the passage of the Energy Policy Act (Tyner, 2008). The Act introduced
mandated ethanol use under a Renewable Fuel Standard (RFS1), which was to reach 7.5 billion
gallons by 2012. In December 2007, Congress passed the Energy Independence and Security Act
(EISA), which doubled the corn-based ethanol mandate to 15 billion gallons by 2015 (RFS2)
(NRC, 2011) (see Figure S-1 in the summary of this NRC report) and created new, non-grain–

1

The reformulated gasoline program was mandated by Congress in the 1990 Clean Air Act amendments and the
program started in 1995 with the goal of reducing smog-forming and toxic pollutants in the air.
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based (“advanced”) biofuels mandates to reach a combined total of 35 billion gallons of ethanol
equivalent and 1 billion gallons of biodiesel by 2022. The 2008 Farm Bill added a $1.01 per
gallon subsidy for blending cellulosic biofuels (recently extended retroactively through 2014)
and created the Biomass Crop Assistance Program (renewed in the 2014 Farm Bill) to
incentivize biomass production for fuel. Currently, the blending of ethanol at 10 percent (E10) no
longer accommodates the RFS2 mandate for higher total amounts of ethanol use. To circumvent
this “blending wall,” the Environmental Protection Agency (EPA) approved 15 percent ethanol
(E15) as a blending rate suitable for use in vehicles built since 2001. Some car manufacturers,
however, have been unwilling to maintain engine warranties if E15 is used, and few E15 pumps
have been installed because fueling stations would have to monitor their pumps to prevent the
fuel from being used in older vehicles and small engines, such as lawn mowers, for which the
higher ethanol blend is not approved. Also, E15 cannot be used in the summer in most regions
because its evaporative emissions exceed air quality thresholds. As noted earlier, E85 can be
used by FFVs, but E85 has limited availability nationally.
In the meantime, EPA has reduced the advanced biofuels mandates each year. At a proposed
17 million gallons for 2014, the mandate is just 1 percent of the 1.7 billion gallons called for by
2014 in EISA 2007. Cellulosic ethanol is not yet produced in significant volumes, for
technological as well as economic reasons. To achieve the currently mandated levels of 16.0
billion gallons of cellulosic ethanol (10.7 billion gasoline equivalent) by 2022 would require an
investment of $50 billion in capital costs and sustained oil prices of somewhere between $111
and $190 per barrel, depending on the cellulosic material produced, to make its price competitive
with gasoline (NRC, 2011).
U.S. biofuels policy operates in the context of an energy and environmental policy, but has
ripple effects on the food system because the primary feedstocks for biofuels are also a source of
feed and food. In 2007-2008, a number of simultaneous circumstances affecting crop commodity
markets collectively provoked a dramatic spike in food prices globally, the brunt of which was
borne by countries dependent on those commodities as primary food sources. Although analyses
differ about the contribution of biofuels to the price increase, the use of prime farmland to
produce biofuel feedstocks has subsequently been scrutinized critically in light of mounting
global food security concerns (Oladosu and Msangi, 2013). The diversion of 40 percent of the
U.S. corn crop for ethanol production decreases the supply of corn and other grains on world
commodity markets, stimulating grain producers internationally to increase their production. If
that increase involves the conversion of pastures or forest into cropland, the GHG emissions that
result undermine the environmental underpinnings of U.S. biofuels policy (Searchinger et al.,
2008). The mandate has also caused U.S. farmers to shift agricultural production into intensive
corn production, which relies heavily on fertilizers and pesticides that are potential sources of
pollution. These unintended effects (among others discussed later in this annex) place the dual
policy objectives of the Renewable Fuel Standard in conflict with each other.
Define the Scope of the Problem
Once the problem has been identified, the next step is to frame the scope of the assessment.
This is done by characterizing the boundaries, components, processes, actors, and linkages
involved in evaluating the intended and unintended effects of current biofuels policies relative to
an alternative policy configuration. The alternative chosen for comparison may involve
additional or different actors and linkages than are associated with the Renewable Fuels
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Standard. Thus, a discussion about scope has to take place in conjunction with the selection of
the appropriate comparator.
Identify the Alternative Scenarios
For this example, the problem is whether, in light of the cost of public incentives involved in
promoting biofuels and the difficulty in meeting blending mandates, alternative policies could be
implemented to achieve the goals of meeting domestic transportation energy needs, reducing
GHG emissions, and improving energy security with better consequences (or fewer unintended
consequences) for the food system, health, the environment, and society. Although different
options for promoting fuels production have been explored, such as biofuels subsidies that
embody both a natural security component (based on their energy value relative to gasoline) and
an environmental component (based on their reduced GHG footprint relative to gasoline) (Chen
et al., 2014; Tyner, 2008), a policy specifically targeting biofuels is not necessarily the only way
to approach these goals.
One hypothetical alternative to achieving the same goals might be to eliminate existing
public subsidies for domestic fossil fuel production. Fossil fuel subsidies (tax credits and other
incentives) in the United States stood at approximately $6 billion in 2011 (OECD, 2012), which
is small relative to the value of oil in the U.S. economy, so the impact of unilaterally eliminating
subsidies might have only a tiny effect, if any, on the behavior of the fuel market. Because this
policy alternative seems to fall short in producing any of the intended effects that an assessment
would measure in comparison to the Renewable Fuel Standard, it might be as an inappropriate
alternative. If, however, such a policy were accompanied by a carbon tax (a tax on the emissions
content of fuels), the cost of fossil fuels would rise significantly, creating incentives to move
toward fuels with fewer emissions. Moreover, the tax would create a revenue stream that could
be used, in part, to invest in energy alternatives (Palmer et al., 2012).
Another policy alternative is to eliminate fossil fuel subsidies globally. Worldwide subsidies
of fossil fuel production (to incentivize exploration) and consumption (keeping prices artificially
low) amounted to $550 billion in 2013, according to the International Energy Agency, which
concluded that the subsidies contribute to wasteful consumption, reduce the competitiveness of
cleaner sources of energy, and ultimately contribute to climate change. At a global level, the
elimination of subsidies could have a significant effect on fuel markets.
Although it can be reasoned that it is more balanced to limit the scope of analysis to the
comparison of one domestic policy to another, it can also be argued that such a limitation places
an artificial constraint on the comparison. The two policy alternatives—one, a mandate for
specific market outcomes, and the other, an unencumbering of market forces—already represent
very different approaches to achieving the same goal. Moreover, based on the growing
implications of climate change, achieving reductions in domestic fossil fuel subsidies might be
more realistic in the context of international agreements for multilateral reductions in subsidies.
The phase-out and elimination of fossil fuel subsidies was called for by President Obama in 2009
at a meeting of the member countries of the G20, which collectively agreed to pursue the
elimination of subsidies by 2020, a goal recently reaffirmed in 2014. The phase-out of subsidies
worldwide has been called for by international organizations such as the Asia-Pacific Economic
Cooperation countries, the International Monetary Fund (IMF, 2013), numerous policy and
economic think tanks, and environmental groups, among others.
Whichever scope is chosen for the analysis, the primary actors include fossil fuel and biofuel
producers, consumers of fuels in both the transportation sector (including for food transport) and
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other energy-intensive economic sectors, particularly electricity generation. The analyses also
must focus on agricultural producers, suppliers of energy-intensive agricultural inputs (e.g.,
fertilizer), food processors, and food consumers.
By definition, the removal of subsidies for fossil fuel production and consumption should
initially result in higher prices for those fuels, which will set in motion a cascade of responses
worldwide. As prices are affected by supply and demand, the responses of oil and gas producers
globally and the reaction of energy-consuming sectors of the global economy will both influence
energy prices. The outcome of economic models that predict how fossil fuel prices affect supply
and demand and the feedbacks that are likely to occur also depends on the pace at which
subsidies for fossil fuels would be eliminated by governments worldwide, and on policies related
to climate change (e.g., a carbon tax or regulations on pollutants) and the promotion of
renewable energy alternatives (electric and fuel), or increasing fuel efficiency (CAFE) standards.
Like those policies, an anticipated effect of eliminating fossil fuel subsidies would be to reduce
fossil fuel consumption, thus reducing fossil fuel dependence.
The strong linkage between energy costs and food production will result in feedbacks to each
sector that also must be estimated in the analysis. Just as biofuels subsidies have had an influence
on what crops farmers decide to grow, high fossil fuel prices could alter both crop planting and
agronomic practice decisions by agricultural producers. The modeling of the agricultural
responses would itself be complex and subject to feedback from energy prices. For example,
biofuels made with feedstocks (e.g., perennial grasses) that are less costly to grow than more
energy-intensive crops might become more economically competitive with fossil fuels and
receive expanded investment and use. Electric vehicles, a fast-growing segment of the
transportation fleet, might become more or less competitive, as electricity generation responds to
the removal of subsidies. Just as biofuel mandates have influenced the price of feed and food,
higher fossil fuel prices also might increase costs across the value chain of the food system. Like
users of energy, patterns of food demand by consumers also may change as they experience price
increases in food.
Examine Effects in All Domains
To meet the requirements of the framework, the assessment must evaluate not only impacts
on the use of biofuels and fossil fuels as energy sources, but also account simultaneously for
their direct and indirect health, environmental, social, and economic consequences. A recent
review paper on the effects of biofuels found that relatively few publications used
interdisciplinary approaches, integrated more than one dimension, or captured the interactions
and feedbacks that exist among different effects (Ridley et al., 2012). The authors added that a
dearth of research exists on human health, biodiversity, and trade topic areas. Nevertheless,
many publications have focused on one or more dimensions of the impact of biofuels and
biofuels policy that could be synthesized and augmented with additional studies. With respect to
fossil fuels, an existing literature on economic, environmental, and public health effects (NRC,
2010; ORNL and RFF, 1992-1998; Ottinger et al., 1990) could serve as a starting point for
exploring the potential effects of the elimination of subsidies for fossil fuels. It is, of course,
conceivable that new effects will emerge as different energy-using sectors of the economy
respond.
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The sections that follow look at the most studied types of effects, which would be relevant in
comparing any set of alternatives to the current policy. As will be discussed, impacts in one
domain (e.g., environment) are likely to have consequences in others (e.g., health).
Environmental Effects
The comparative analysis should be mindful that environmental effects of either policy
alternative might be both positive and negative, occur on many different scales, and take place
direct and indirectly. Since 2007, when the Renewable Fuel Standards expanded mandates for
blending biofuels into gasoline in the United States, numerous studies have addressed a range of
actual and potential environmental effects of biofuels and, by association, policy mandates for
biofuels. As policies have stimulated producers in the Midwest to place more land into corn
production (Malcolm and Aillery, 2009), higher nitrate levels in the Mississippi River have been
observed (Sprague et al., 2011), along with hypoxia in the Gulf of Mexico associated with
nitrogen loads in its watershed (Scavia and Liu, 2009). The levels of protein in DDGs now
widely fed to food animals was found to lead to greater nitrogen excretion in manure, increasing
environmental risks (Stallings, 2009), although its use for animal feed also offsets GHG
emissions elsewhere in the biofuels life cycle (Bremer at al., 2010).
In its first triennial report on biofuels policy to Congress in 2011, EPA found that negative
effects resulting from the policy were mainly due to the environmental impacts of corn
production. The agency added, however, that other feedstocks could have either negative or
positive effects, depending on which feedstock is used, processing practices, and land use (EPA,
2011).
Additional studies have explored environmental effects from biofuel feedstock production
(and use) on biodiversity, insects, birds, and vegetation (Fletcher et al., 2011; Landis and
Werling, 2010; Meehan et al., 2012; Robertson et al., 2011); pesticide use (Schiesari and
Grillitsch, 2011); air quality and emissions (EPA, 2011; Liaquat et al., 2010; Wagstrom and Hill,
2012); and water demand, water quality, and soil loss (EPA, 2011; Hill et al., 2006; Khanal et al.,
2013).
The environmental effects (positive and negative) of biofuels policy scenarios also have been
modeled at different scales, from subregional (Egbendewe-Mondzozo et al., 2013) and regional
(EPA, 2011; Georgescu et al., 2009) to global (Frank et al., 2013; Taheripour et al., 2010). The
literature around projections of GHG emissions associated with market-mediated effects of
biofuels is growing. These include life cycle analyses that incorporate land-use change (Ahlgren
and Di Lucia, 2014; Chen et al., 2014; Hertel et al., 2010a, b; NRC, 2011; Searchinger et al.,
2008) and so-called rebound effects, in which biofuels ostensibly spur greater fossil fuel use
because of their downward influence on oil prices (Smeets et al., 2014).
In contrast to the many environmental aspects that have been examined related to biofuel
policy, fewer evaluations have been conducted on the full range of potential environmental
impacts of reducing or eliminating fossil fuel subsidies. A review of six major studies exploring
the potential environmental and other impacts of reforming fossil fuel subsidies found that
reductions in GHGs and carbon dioxide (CO2) emissions were the most commonly modeled
impacts. The studies (published from 1992 through 2009) predicted reductions in CO2 that
ranged from 1.1 percent in 2010 to 18 percent by 2050 (Ellis, 2010). More recent estimates place
reductions of CO2 at 10 percent by 2050 (IEA, 2012). Undoubtedly, a range of other local and
regional environmental effects of reduced production and consumption of fossil fuels would need
to be calculated. Furthermore, as noted earlier, price effects may reduce consumption and
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influence greater investments in alternative energy sources, or catalyze changes in agricultural
practices that would have environmental impacts.
Social and Economic Effects
Between 2000 and 2010, the number of ethanol plants in operation in the United States grew
from 50 to more than 200 (RFA, 2014). A recent analysis of job growth between 2000 and 2010
in a 12-state region (comparing counties with an ethanol plant to similar counties without a
plant) found that the biofuels industry was responsible for increasing employment by 0.9 percent,
creating 82 new jobs on average (Brown et al., 2013). In the early 2000s, many of the plants
were constructed by local cooperatives, but ownership of the plants has increasingly diversified
to include absentee investors, including multinational companies. Somewhat surprisingly, a
study of local reactions to ethanol plant ownership suggests that many communities have more
support for absentee ownership than local ownership, with one explanation that the “deeper
pockets” of large corporate owners would allow the plant to withstand the volatility of the
ethanol market. Community expectations of the potential traffic, water, air, and other effects of
an ethanol plant did not vary based on ownership (Bain et al., 2012).
Today, about 40 percent of U.S. corn production is used for biofuels (27 percent after
accounting for DDGs recycled into the animal feed system). Although corn production has
expanded in response to ethanol demand, corn prices have, on average, doubled since 2005,
when the price hovered near $2.00 per bushel (Schnepf and Yacobucci, 2013). In the United
States, biofuels’ effects on food prices are limited because the value of corn in food products is
small relative to labor, processing, and retailing costs. However, corn is a major component of
the cost of producing animal protein. Under some conditions, animal producers can use more
forages to feed cattle to reduce the direct impact of feed prices, but others, such as producers of
poultry products, are more affected by fluctuating feed costs, which are seen in higher food
prices by U.S. consumers many months later. In developing countries, corn often is a staple food,
so price changes directly affect household budgets. Estimates of the impact of biofuels
production on food prices globally are affected by the time frame examined. Over the long term,
corn prices are shaped by production costs as well as demand trends. For example, a 2008 review
of 25 studies and reports concluded that higher commodity prices were the result of the
depreciation of the U.S. dollar, increasing global demand for agricultural commodities amid
sluggish agricultural productivity growth, and rapid growth in the production of first generation
biofuels (Abbott et al., 2008). These results tended to be associated with long-term analytical
approaches, which cite factors such as rising energy costs, a weak dollar, fiscal expansion, and
investment fund activity (Babcock, 2011; Babcock and Fabiosa, 2011; Baffes and Haniotis,
2010).
In contrast, research on short-term effects reached very different conclusions, finding that
increased biofuels production was the chief driver of grain price spikes (like those in 2008 and
2012), accounting for up to 75 percent of the increases. These analyses (Wise, 2012) also
predicted that production will continue to drive prices up as a consequence of escalating usage
mandates, with no effective “relief valves,” such as the normal ability of high corn prices to
reduce demand and ration short supplies across users (Koplow, 2009).
Although the diversion of land to produce biofuels instead of food is especially a concern in
developing countries that are less able to absorb higher commodity prices, data from the Food
and Agriculture Organization indicates that since 2006, more than 40 million hectares of land
have been added to the global cropland base, most of that in developing countries. That means
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that higher commodity prices may have helped agricultural producers in those countries while
harming urban consumers, who face higher food prices (Tyner, 2013).
The social and economic impacts of eliminating fossil fuel subsidies globally would be more
far-reaching than U.S. biofuels policy, affecting all industrial sectors, including food production.
Socioeconomic consequences are likely to be distributed unevenly, given differences in the types
of subsidies in place worldwide. Developed countries like the United States typically use
production subsidies, which tend to be direct transfers to fossil fuel producers. According to
some analyses, eliminating U.S. production subsidies alone would return $41.4 billion in
revenues to the federal government over the next 10 years (Aldy, 2013), with minimal impacts
on prices for U.S. consumers (Allaire and Brown, 2009). By contrast, developing countries
employ consumer subsidies, which keep prices for fuel artificially low with the goal of
alleviating poverty, increasing access to energy, and encouraging growth in local economic
sectors. Sharp price increases for essential goods have been associated with large-scale civil
unrest, regardless of their specific causes, so eliminating consumption subsidies poses risks.
Some studies suggest that incomes in poorer countries decrease when subsidies are removed
(Coady et al., 2006), but others suggest that these effects can be mitigated by providing
assistance to the poor with savings from expenditure subsidies. A review of empirical and
modeling studies of economic effects of fossil-fuel subsidy reform suggest positive overall
effects, with increases of up to 0.7 percent in gross domestic product in both developed and
developing countries by 2050 (Ellis, 2010).
Health Effects
Scovronick and Wilkinson (2013) identify four major pathways through which biofuels
affect health: occupational hazards; water and soil pollution; air pollution (both in biofuels
production and use); and food prices. The authors suggest that the biggest health impacts at the
population level would be improved air quality (at least in urban environments) and adverse
nutrition impacts in food-insecure populations due to higher food prices. Another study
estimated the combined costs of climate change and health effects associated with GHGs and air
pollution from the production and use of corn ethanol relative to gasoline and cellulosic biofuels,
finding the highest costs associated with corn ethanol. The predicted effects shifted
geographically depending on fuel production systems (Hill et al., 2009).
A wide-ranging study monetized the negative externalities of energy production and use. It
focused particularly on health damages such as premature mortality and morbidity (chronic
bronchitis and asthma) due to particulate matter in air pollution, but also looked at losses to
crops, timber, and recreation. The study estimated the costs in 2005 at approximately $56 billion,
with health constituting “the vast majority” of damages (NRC, 2010). The methodologies used
by the National Research Council study could be useful in predicting the public health benefits
of reduced fossil fuel use, if that occurred, due to subsidy reforms.
Other Issues
Resilience and energy security are two related issues that cut across the domains of the
economy, health, and the environment. Resilience, “the ability to prepare and plan for, absorb,
recover from, and more successfully adapt to adverse events” (The National Academies, 2012, p.
1) has been used mainly with respect to natural disaster preparedness, but could apply to
examining the risks of disruption of the food and fuel systems, particularly in the biofuel context,
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where climate, disease, and pests play a role in determining supply. U.S. energy security is
related to resilience, is viewed as a potential buffer to extreme political or other shocks to
international fuel markets, and was a specific rationale for developing the Renewable Fuels
Standard. The elimination of U.S. production subsidies would likely reduce domestic oil and gas
production, but experts debate by how much (Allaire and Brown, 2009). The extent to which
either policy alternative affects both energy security and food security would be an important
feature to compare, not only in terms of quantity, but also with respect to the distribution of
effects.
Conduct the Analyses
In this step of an assessment, data, metrics, and tools are used to examine the likely
effects associated with the alternative scenarios. An analysis of how different policy
configurations perturb the nexus between the global food and energy systems would be a
complex and broad undertaking. Nevertheless, assembling and synthesizing the existing
literature would provide a good initial picture of the distinctions between the two policies that
could be sufficient to make broad comparisons of their potential and actual effects on the
dimensions of interest and provide perspective on how they might operate in combination with
other policies (e.g., supporting research into alternative energy production) to meet mutually
desirable social goals. A first step would be to create a map of the pathways and connections
through which policy has impacts on the dimensions of interest.
Comparing trade-offs inherent in different policy approaches in the context of food
production, energy use, and the environment is an active area of research (Sarica and Tyner,
2013) and models that integrate economic activity with some environmental parameters (see Box
7-5) and health (NRC, 2010) have been developed. These efforts are important building blocks
for a synthesis of information across the dimensions of interest. Because empirical evidence to
account for some effects is not available (e.g., see Annex on Nitrogen in this report), estimates
based on surrogate measures will need to be used, and the limits of that accounting must be
acknowledged. Because of the necessary reliance on models for predicting policy outcomes, the
greatest challenge to interpreting the synthesis of information gathered for this analysis would be
to identify and describe the assumptions used by experts in quantifying effects, particularly
where experts and models disagree, and to acknowledge gaps, uncertainties, and trade-offs.
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ANNEX 3: ATTAINING RECOMMENDED AMOUNTS OF FRUITS AND
VEGETABLES IN THE AMERICAN DIET
Understanding the Consumption of Fruits and Vegetables Within the Context of a
Complex System
The Dietary Guidelines for Americans encourage the U.S. population to consume more fruits
and vegetables in order to maintain health and prevent chronic disease. However, individual
consumers make choices about what to eat within a broader context of what foods are
available, affordable, and acceptable. This broader context is shaped by numerous actors and
processes within the complex food system. Therefore, consideration of how the population
could move toward increased consumption of fruits and vegetables is an ideal problem to be
addressed with this framework.
The recommendation to consume more fruits and vegetables, although well intentioned,
may not reach its goals if consideration is not given to the whole food supply chain and the
associated social, economic, and environmental context in which consumers operate. This
example explores the imbalance between dietary recommendations and consumption of fruits
and vegetables and its implications for the food system, the environment, and society. An
integrated assessment using the committee’s framework can provide insights into points along
the supply chain where interventions would be most efficacious.

The importance of fruit and vegetable intake to the prevention of chronic disease has been
long established through a large body of literature and confirmed through a series of systematic
reviews (USDA, 2014; WCRF/AICR, 2007). Consistent evidence suggests fruit and vegetable
intakes by adults are inversely associated with risk of myocardial infarction and stroke,
especially with intakes above five servings per day. Also, evidence indicates that consumption of
many fruits and vegetables decreases the risk of several types of cancer. Although limited,
further evidence suggests that fruit and vegetable consumption also protects against adiposity in
children and adolescents. The health-promoting properties of fruits and vegetables could stem
from their high nutrient density (e.g., the amount of nutrients relative to energy) compared to
other foods; their being rich sources of fiber or phytochemicals, which may be beneficial; and
even their effects on the gut flora.
Although fruits and vegetables may be protective for a range of chronic diseases, the
consumption of raw products may increase risk for foodborne illness. Produce (i.e., raw
vegetables, fruits, and nuts) was a major source of foodborne illness for the years 1998-2008,
leading to nearly half of all cases and nearly a quarter of deaths with identified etiology of
disease (Painter et al., 2013). Although the number of illnesses and deaths are small in
comparison to the numbers associated with coronary heart disease, cancer, and other chronic
disease, the sudden onset of foodborne illness can have an immediate impact on consumption
patterns, especially following large outbreaks. For example, following a 2006 E. coli O157:H7
outbreak associated with fresh, ready-to-eat spinach grown in California, the Texas spinach
industry lost at least 20 percent in sales for all types of spinach—fresh and processed (CNAS and
TAMU, 2007).
PREPUBLICATION COPY: UNCORRECTED PROOFS
7A-31
Copyright © National Academy of Sciences. All rights reserved.

A Framework for Assessing Effects of the Food System

7A-32

A FRAMEWORK FOR ASSESSING THE FOOD SYSTEM

For the past 30 years, the Dietary Guidelines for Americans have encouraged the population
to increase their intakes of fruits and vegetables (HHS and USDA, 2014). The guidelines are a
statement of federal nutrition policy and form the standards against which all federal nutrition
programs are gauged. Their guidance for increasing fruits and vegetable consumption have
always been made within the context of concomitant recommendations regarding other aspects
of the diet, notably increased whole grains and decreased added sugars, solid fats, and sodium,
and in more recent editions, food safety. The implication has been that fruits and vegetables
should be used as substitutes for less nutrient-dense foods because simply adding fruits and
vegetables to an already energy-rich diet would aggravate the problem of overweight and
obesity. The point of the guidelines has always been that the overall composition of the diet is
critical.
Identify the Problem
As described in the committee’s framework, the first step of an assessment is to identify the
problem. For this example, the problem is the imbalance between dietary recommendations and
consumption of fruits and vegetables and its implications for the food system, the environment,
and society.
Despite the continued federal guidance, fruit and vegetable intakes have remained well below
recommendations over the past several decades (Krebs-Smith and Kantor, 2001; NCI, 2014).
Recent estimates suggest that mean daily intakes for the whole population are slightly more than
1 cup of fruits and 1.5 cups of vegetables. As recommended intakes for the average 2000 kcal
diet are 2 cups and 2.5 cups, respectively, this suggests the average gap for each is approximately
1 cup per day. To conform to recommendations, the average person would need to nearly double
fruit intake and increase vegetable intake by about 65 percent. Changes of this magnitude on
individual consumption would reverberate throughout the entire food supply chain.
Define the Scope of the Problem
Once a problem has been identified, the next step in an assessment is to frame its scope. This
is done by characterizing the boundaries, components, processes, actors, and linkages
encompassed by the system under consideration. This is particularly important for this example
because the issue of fruit and vegetable consumption sits squarely along the entire supply chain
portion of the food system, from “farm to fork” (see Figure 7-A-2). The aggregate supply of
available fruits and vegetables falls short of the total needed for the entire population to eat the
recommended amount per day (Buzby et al., 2006); many processed foods entering retail
distribution channels contain little if any fruits or vegetables; many places where foods are sold
do not offer fruits or vegetables in any form; and food service outlets tend to offer relatively few.
Consumers, for their part, often choose other foods over fruits and vegetables, for reasons of
cost, convenience, or preference. Thus, the mismatch between recommendations and
availability/consumption occurs across the entire food chain.
Like any complex system, the key aspects of the U.S. food system in relation to fruits and
vegetables include numerous drivers, actors, processes, outcomes, stocks, and flows. Supply and
demand are the major drivers, with diverse external forces, such as weather, agricultural and
immigration policies, and labor also exerting influences. Farmers, farm workers, food
manufacturers, retailers, restaurateurs and chefs, school food service directors, and household
food gatekeepers are all actors in this system, controlling the processes of planting, harvesting,
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transporting, processing, distribution, marketing, and preparation of fruits and vegetables. Figure
7-A-2 illustrates the main steps in the supply chain that can be influenced by various drivers.

Farm
Producers

Food
Processors

Stores and
Markets
Households

Consumers

Food Service

FIGURE 7-A-2 Fruits and vegetables supply chain and selected drivers.

Farm Level
Within the United States, fruit and vegetable production is a major business enterprise.
Between 2000 and 2008, the sale of fruits and vegetables averaged about $35 billion annually
(ERS, 2014a,b). Three quarters of all fruit and vegetable production comes from irrigated land,
which reflects a large capital investment and has implications for water ecology. Although less
than 10 percent of all vegetable farms have sales exceeding $500,000, they account for about 90
percent of all vegetable sales. Most of the vegetable farms in this country are small, producing
their yields on fewer than 15 acres.
Fruit and vegetable production comes from only 3 percent of U.S. cropland (UCS, 2013), but
accounts for about a third of all U.S. crop value (ERS, 2014a, b). Whether fruits and vegetables
are destined for fresh markets or intended for future processing determines the varieties grown
and the harvesting processes used. The Upper Midwest and some Pacific states are the largest
producers of vegetables that go into processed foods, whereas California, Florida, Arizona,
Georgia, and New York send more vegetables to markets as raw produce. California produces
the largest share of fruit and vegetable crops among all the states.
Market forces (supply and demand), productivity, and other external factors are key drivers
in determining which crops are grown or imported. Oversupply at any point in time brings prices
down, which decreases profitability. For this reason, the 2014 Farm Bill maintained a provision
that prevents the planting of fruits and vegetables on acreage for which growers receive federal
payments. Perishability of fruits and vegetables makes the timing of harvesting, distribution, and
retail sales more important than for less perishable food products.
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Regardless of the final use, fruit and vegetable production is labor intensive, and the produce
industry in the United States pays higher wages than do many other countries (Calvin and
Martin, 2010). This means the U.S. farming sector can attract the workers it needs. However, the
work is seasonal and dependent on migrant labor. Changes in immigration policy could alter
domestic production dramatically. As described below, for some crops, the cost of labor and land
results in the movement of production out of the United States to other regions, especially for
fruits and vegetables that are seasonal, frozen, canned, or dehydrated.
In addition to domestic output, international production is essential to the aggregate U.S. fruit
and vegetable supply. Imports of fruits and vegetables have risen substantially in the past 25
years, leading to a growing trade deficit in this sector of the economy (Johnson, 2014). Whereas
the value of imports approximately equaled that of exports in the early 1990s, a trade deficit for
fruits and vegetables of more than $11 billion had developed by 2011, despite the fact that
exports have continued to grow. A number of domestic and global market conditions have
affected this situation, including differences among countries in production costs, tariffs and
import requirements, and increased demand in the United States for off-season produce.
Food Processor Level
Product innovation can have a major influence on demand. The introduction of pre-packaged,
pre-cut, and other value-added raw, ready-to-eat fruit and vegetable products has boosted
consumption. Examples of this are small-cut carrots, broccoli florets, bagged salads, and sliced
apples.
Contrary to popular belief, fruits and vegetables do not need to be consumed raw or prepared
from “fresh” to be healthy. The term fresh is often used to describe any raw produce, whereas it
implies a reference to the time since harvesting. Ironically, frozen and canned fruits and
vegetables are often processed closer to the point of harvest and thus frequently have greater
nutrient retention than do so-called fresh items purchased from a grocery store for later
preparation in the home. Fresh fruit and vegetable use far exceeds that of canned and frozen
forms in the United States.
Marketing
Between the farm and consumer levels of the food supply chain is the essential influence of
marketing, including product development, promotion, placement, and pricing. Promotion is a
critical factor, as the food industry spends $11 billion a year on advertising, and grocery stores
earn more from companies paying for optimal locations within the store to display their products
than they do from customers (IOM, 2006). An example of an industry effort to promote fruit and
vegetable consumption is the “Let’s Move Salad Bars to Schools” project, in which a coalition of
private partners donates equipment required to display fresh salad components in a safe and
hygienic manner to minimize food safety and regulatory compliance issues. To date, more than
2,600 schools have received donated salad bars for use in their school lunch program. However,
the food and beverage industry also spent $149 million on marketing in schools in 2009, and
advertising for sugar-sweetened beverages accounted for 90 percent of that (NPR, 2014). To the
extent that industry efforts to promote less nutrient-dense foods and beverages are successful,
consumers may be influenced to choose relatively fewer fruits and vegetables.
In addition to the marketing efforts conducted by individual food companies, the U.S.
Department of Agriculture (USDA) coordinates federally legislated promotion programs for
various commodities (AMS, 2014b). Known as “check-off” programs, they are requested,
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administered, and funded by the industries themselves. They are designed to increase domestic
demand and increase foreign markets for the relevant commodities. However, only a small
fraction of these funds are appropriated to the promotion of fruits and vegetables, and most go to
the promotion of meats and dairy (Wilde, 2014).
Food Markets
Most fruits and vegetables are consumed at home, having been purchased in grocery stores or
other markets. Since 1980, the number of produce items available in the average grocery store
has doubled, and the availability of convenience items such as short-cut carrots, pre-packaged
salads, and supermarket salad bars has expanded (Krebs-Smith and Kantor, 2001). Consumers
now have a wide choice of fruits such as grapes, stone fruit, and berries that previously were
available only in summer months, due to increases in off-season imports of fruits from the
southern hemisphere. In addition, since 1994, the number of farmers’ markets has increased
several-fold in the United States to more than 8,000 in 2013 (AMS, 2014a).
Although supermarkets typically carry more than 400 produce items (Krebs-Smith and
Kantor, 2001), it is important to note that, in many geographical areas, stores that sell food offer
little, if any, fruits and vegetables. More than 40 percent of retail establishments in this country,
including one in two hardware stores, and many auto repair shops, pharmacies, and furniture
stores, sell food, and most of that is energy-dense and nutrient-deficient candy, snacks, and
sugar-sweetened beverages (Cohen, 2014). This may be due to a number of factors, including
food safety concerns, regulatory requirements, profitability, turnover, ease of consumption, and
other factors. These types of snacks are generally shelf-stable, single-serve items that have a low
food safety risk profile.
When examined geographically, greater availability of such calorie-dense choices and
restricted availability of fruits and vegetables seems to be of particular concern among lower
income and minority neighborhoods (Larson et al., 2009).
Fast-Food Outlets, Schools, and Other Food Service
Away-from-home food is a growing portion of all food ingested in this country. The overall
number of restaurants has tripled in the past 40 years (Cohen, 2014), and if this trend continues,
it could have a substantial impact on fruit and vegetable consumption because consumers are
more likely to eat fruit and several healthful varieties of vegetables at home than away from
home. Menu offerings from the country’s top fast-food restaurant chains in 2010 were low in
overall diet quality and particularly out of line with dietary recommendations for fruits and
vegetables (Kirkpatrick et al., 2014).
Several recent efforts have been launched to improve the availability of fruits and vegetables
in America’s schools. The USDA’s Farm-to-School Initiative was designed to help farmers in all
50 states sell fresh fruits and vegetables directly to local schools participating in the National
School Lunch Program (NSLP). The Healthy Hunger-Free Kids Act of 2010 led to more
stringent school meal nutrition standards, which were instituted in the 2012-2013 school year and
included increased quantities of fruits and vegetables. Through its food distribution programs,
the USDA purchases a variety of foods, including fruits and vegetables, to help supplement the
diets of children participating in the NSLP and Child and Adult Care Food Program. A recent
evaluation of the foods distributed through these programs revealed that the overall quality of the
mix of foods was considerably healthier than typical U.S. diets, including a greater proportion of
fruits and vegetables (Zimmerman et al., 2012).
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The prominence of healthy food offerings at schools and other food service operations is
important because of the power of “optimal defaults.” This term refers to the provision of preselected, best interest options as the default, while still allowing free choice (Radnitz et al.,
2013). It has long been known to be enormously influential in areas such as organ donation and
retirement savings, and has more recently been tried with success in schools by, for example,
putting carrot sticks within easier reach than the French fries in the lunch line.
Consumer Level
Numerous economic, social, and behavioral factors affect consumers’ fruit and vegetable
choices, only some of which are under their control. Spending on foods for at-home consumption
is out of line with dietary recommendations: The average U.S. household underspends on
vegetables (except potatoes) and whole fruits as well as whole grains, low-fat dairy, nuts, poultry
and fish, and overspends on refined grains, fruit juices, whole-fat dairy, red meats, beverages,
sugar, and candies (Volpe and Okrent, 2012). Prices of fruits and vegetables have risen faster
than the Consumer Price Index, but the latest data from the USDA indicate that $2.50 was
sufficient to meet an individual’s daily recommendations for these foods in 2008.
Food prices are lower in suburban communities, where supermarkets are plentiful, and higher
in central cities, where retail food stores tend to be smaller. Retail food prices are highest in the
Northeast and West and lowest in the Midwest and South. The regional variation in food prices
can be explained by differences in consumer demand, distribution costs, and operating costs and
the presence or absence of warehouse stores such as Costco and Walmart.
In addition to affordability, availability of fruits and vegetables where individuals live and
work is an important factor that can affect decisions to consume healthful diets. Bodor et al.
(2008) found that availability of vegetables within 100 m (300 ft) of a residence was positively
associated with vegetable intake. Each additional meter of shelf space devoted to vegetables
within the retail outlet was associated with one-third of a serving per day of increased intake.
Nutrition knowledge is positively associated with making healthful food choices, including
more dark green and deep yellow vegetables and tomatoes and fewer fried potatoes (Guthrie,
2004). However, fewer than 2 percent of adults can correctly identify how much they should
consume of all food groups. Use of food labels when buying food has declined since the mid1990s. However, they do not indicate how many cups of fruits and vegetables are contained in a
product.
Although the diets of the nearly all Americans fare poorly when compared with
recommendations (Krebs-Smith et al., 2010), some subgroups are doing worse than others. In an
analysis comparing dietary intakes among income groups, adults in the high-income group
generally had greater adherence to recommendations than did the low- and middle-income
groups. Intakes of whole fruits, total vegetables, and some vegetable subgroups are especially
concerning among lower income groups and non-Hispanic blacks (Kirkpatrick et al., 2012).
French fry consumption does not vary by income, but high-income consumers were found to eat
more celery, garlic, cucumbers, peppers, mushrooms, and tomatoes than did other groups (Lin et
al., 2004).
Obviously, the constraint of limited resources makes choosing a healthful diet that much less
likely for low-income households. The minimal cost of a healthy diet, as estimated by the
USDA’s Thrifty Food Plan (TFP), was $146 per week for a four-person household in 2013
(CNPP, 2014). According to the TFP, nearly half of that should go toward fruits and vegetables,
but in 2008 they accounted for only 16 to 18 percent of at-home food dollars for both low- and
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high-income households. Furthermore, low-income households spend less on total food
purchases than the cost of the TFP. Low-income women who work full time spend an average of
only 46 minutes per day on meal preparation (Hamrick et al., 2011), and foods requiring minimal
preparation are more expensive. Although a wide variety of fruits and vegetables are eligible for
purchase through the Supplemental Nutrition Assistance Program (SNAP), the allowed products
require preparation time, and ready-to-eat meals are not allowed for purchase. The extra time for
preparation and perhaps unfamiliarity with preparation techniques can be a disincentive for
increased fruit and vegetable consumption in this population. This illustrates the need to account
for social considerations when attempting to change health outcomes.
Identify the Scenarios
To understand the effects of a new intervention, policy, or technology, an assessment
compares the performance of the current system as described in the scope—the baseline—with
one or more alternative scenarios that reflect the proposed change. For this example, an
assessment team would compare the current supply and consumption of fruits and vegetables
(baseline) with an alternative scenario in which supply and consumption are in accordance with
recommendations. It implies a hypothetical change in the distribution of many commodities in
the American diet, because fruits and vegetables would be expected to replace other foodstuffs
that are currently consumed in excess. The step also would involve identifying what elements of
the food system could effect that change, and what the ripple effects would be in health,
environmental, and social spheres. There is some question whether a change of the magnitude
required for intakes to match recommendations is realistic.
Conduct the Analysis
In this step of an assessment, data, metrics, and analysis tools are used to examine the likely
health, environmental, social, and economic effects associated with the alternative scenario.
Before beginning an analysis, it is always a good idea to determine what types of assessments
have been done previously related to the problem or question.
Previous Analyses
Previous assessments have been relatively few in number, but may be useful in providing
data that could be used as inputs for future simulations or other complex analyses. These
analyses focused on three key questions.
What changes might be necessary to alter the inducements and barriers to fruit and
vegetable consumption throughout the food system? The perception that fruits and vegetables
are expensive relative to other foods has raised the question of whether increasing incomes might
overcome the potential barrier of price. Frazao et al. (2007) examined how individuals might
change their spending on different categories of food if provided with additional income, and
how this might vary across income levels. They used the Bureau of Labor Statistics’ Consumer
Expenditure Survey data on household food purchases and considered all forms of fruits and
vegetables—fresh as well as canned, frozen, dried, and juice. Low-income households were
found to spend 26 cents of every food dollar on food away from home; the remainder was spent
on groceries, of which only 12 cents was spent on fruits and vegetables. As incomes rose, more
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money was spent on food in absolute terms, but the percentage of income spent on food declined.
Furthermore, the greater spending on food with rising incomes was more likely to be on food
away from home or non-staple foods, such as snack foods, sweets, fats and oils, and beverages.
The authors concluded that additional income or untargeted food assistance was unlikely to
improve fruit and vegetable consumption.
Another study examined the effect of targeted price incentives, which may have a different
effect on consumer behavior than increased income. The Healthy Incentives Pilot (HIP) was a
relatively small-scale program (HIP, 2014) designed to determine whether point-of-sale
incentives within SNAP would encourage the purchase of healthy foods. The treatment group
received 30 cents back on their benefits card for every dollar spent on targeted fruits and
vegetables, and their subsequent intakes of fruits and vegetables were compared to those of a
control group. The treatment group consumed 25 percent more fruits and vegetables than did the
control group, with more of the observed difference being due to vegetables (60 percent) than
fruits (40 percent). Nearly all participants in the Healthy Incentives Pilot indicated they would
like to continue in the program, and HIP households more frequently had fruits and vegetables
available at home than did households in the control group.
The societal trend in consuming ever more food away from home also has been examined as
a barrier to fruit and vegetable intakes. Todd et al. (2010) compared meals consumed away from
home to those at home in terms of their influence on food group intakes among adults. They
found that meals consumed away from home contained fewer servings of whole fruit and dark
green and orange vegetables per 1,000 kcal, but that these effects varied by meal. The density of
fruit in snacks eaten away from home was 9 percent less than those at home, whereas breakfast,
lunch, and dinner were 18, 22, and 16 percent less, respectively. Differences were more extreme
for whole fruits. Differences in dark green and orange vegetables were greater at dinner (31
percent less) than at lunch (11 percent less).
What changes would be needed throughout the food supply chain in order for fruit and
vegetable intakes of the U.S. population to conform to, or move in the direction of,
guidance? The most recent assessment to have examined the divide between fruit and vegetable
intakes and their recommendations was an examination of the 2007-2010 National Health and
Nutrition Examination Survey (NHANES) (NCI, 2014) data, which reported on the distribution
of intakes and the prevalence of intakes below the recommendation. That analysis indicated 25
percent of the population consumed less than half a cup of fruit per day, and 75 percent of the
population had intakes below the minimum recommendation for their sex–age group.
Considering vegetables, the usual intake at the 75th percentile for the entire population was two
cups per day; 87 percent of the population had a usual intake below the minimum
recommendation for their sex–age group, with percentages running even higher for adolescents
and young adults. In short, nearly the entire U.S. population consumes a diet with fewer
vegetables than recommended and a large majority underconsume fruits relative to
recommendations.
A number of studies have examined the extent of change necessary for different levels of
the food supply chain to realize concordance with fruit and vegetable recommendations. Kantor
(1998) developed the Loss Adjusted Food Availability Data to examine the nation’s aggregate
supply of food in relation to dietary guidelines. In an early analysis of those data, Young and
Kantor (1999) found that if Americans were to follow dietary recommendations, changes would
be needed in the type and quantity of food produced and where and how it is produced.
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Furthermore, adjustments would be needed in “agricultural production, trade, non-food uses and
prices” as well as the “crop acreage devoted to food and feed.” Buzby et al. (2006) replicated
that analysis in 2006 and reached similar conclusions. However, although these studies suggest
that changes in production and trade of fruits and vegetables would be needed if the U.S.
population were to follow dietary guidelines, they did not imply that such changes would be
sufficient to induce the public to eat more fruits and vegetables. Understanding the impediments
to eating more fruits and vegetables and determining how to overcome them would also be
needed.
McNamara et al. (1999) took these analyses a step further by examining the gap between the
current food supply and the estimated future demand for food commodities, based on a
hypothetical population-wide adoption of the Dietary Guidelines and Census projections. The
projected population growth over 20 years meant that supplies of commodities that people are
advised to eat more of needed to increase dramatically. Substantial increases in supplies of fruit
and most subgroups of vegetables were found to be needed to close the gap between then-current
and future intakes. The magnitude of the gap between intakes and the projections suggested “the
need for continued increases in agricultural productivity, higher resource use, and greater levels
of international trade.” Others have examined marketing and retail influences on the extent to
which the food supply conforms to dietary guidelines, and concluded that lower prices for some
commodities may be needed (Kinsey and Bowland, 1999).
What would be the expected, environmental, social, and acute and chronic health effects of
changes in fruit and vegetable consumption? In a landmark study, Doll and Peto (1981)
estimated the number of avoidable cancer deaths in the United States if diets were to conform to
dietary recommendations. The changes they considered included not just the addition of fruits
and vegetables, but rather the substitution of fruits, vegetables, and whole grains for meat,
refined grains, and sugars in the diet. Their estimate that about one-third of cancer deaths could
be prevented with dietary changes was a revelation. Willett (1995) reexamined this issue and
determined the original estimate was still appropriate, although he estimated that the confidence
interval around the estimate could be narrowed. The World Cancer Research Fund and the
American Institute for Cancer Research issued a comprehensive review of food, physical
activity, and the prevention of cancer in 2007 (WCRF/AICR, 2007). Although that report did not
provide an estimate of prevented cancers across all types, it found “probable” associations
between many fruits and vegetables and the prevention of cancers of the mouth, pharynx, larynx,
esophagus, and stomach.
Several studies have examined the environmental effects of widespread shifts away from a
meat-centric diet toward a more plant-based diet. Peters et al. (2007) found that diets higher in
meat generally increased land requirements, but this varied by the amount of fat in the diet, so
that high-fat vegetarian diets had a greater environmental footprint than did lower fat diets with a
small amount of meat. Land use requirements for different types of diets not only vary in
quantity, but in quality as well. Meat-centric diets rely on greater amounts of land that can be
used for pasture or hay, whereas plant-based diets require relatively more land that is only
suitable for cultivated crops. Individual food rankings regarding environmental impact can shift
dramatically, depending on whether emissions generated as a result of production is measured
per kilogram or per 1,000 calories (EWG, 2011; Haspel, 2014).
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New Analyses
Each of these previous analyses have focused on relatively narrow sections of the food
supply chain and thus provide only limited insights. A more holistic assessment would likely
result in a more comprehensive understanding of the nature of the problem, the viability of
various solutions, and the trade-offs to be expected if change could be enacted.
One type of analysis suggested from the committee’s framework is agent-based modeling
(ABM), which could be used to identify the inducements and barriers to fruit and vegetable
consumption throughout the food system, and how consumption might respond to shifts. The
individual-level focus of ABM, and its ability to capture heterogeneity (e.g., in socioeconomic
status [SES] or body mass index), spatial effects (e.g., food availability and advertising), and
adaptation (e.g., formation of preferences or habits) would help to address important features of
this question. An ABM model might take as inputs starting distributions of consumption and
SES, spatial configurations, and exposure conditions; and might yield as outputs key metrics
such as means and distributions of fruit and vegetable intakes across the population (and across
subgroups).
Another type of analysis well suited for questions raised in this example is System Dynamics
modeling, which could be used to assess the magnitude and timing of changes that might be
needed in order for fruit and vegetable intakes of the U.S. population to attain (or move in the
direction of) guidelines. By capturing a broad set of factors in the system, along with dynamic
processes like feedback and delay, a System Dynamics model might provide system-level
insights. Such a model might allow mapping of varying magnitudes of shifts in input
assumptions (e.g., about production or advertising) into corresponding expected shifts in key
outcome metrics like per-capita quantities of fruits and vegetables in the U.S. food supply.
A third type of an analysis—life cycle assessment—could be used to examine what the
health, environmental, and social effects of such a change might be. The important feature of life
cycle assessment is that it assesses impacts across the full spectrum of a product’s life cycle. In
the case of fruits and vegetables, and other foods that would replace them in the diet, the life
cycle coincides with the food supply chain. Starting with the seeds and other farm inputs, and
ending with consumption and waste, the life cycles of various food commodities are associated
with numerous health, environmental, social, and economic effects. Some of these, such as
improved health outcomes as a result of dietary changes, can take many years to be realized (and
measured). Key effects expected to emerge in this case would depend on the extent of the
increase in fruit and vegetable intakes and the concomitant changes, if any, in the intakes of other
food commodities. Analyses of this type would probably look for changes in:
•
•
•

The health of the population (nutritional status, chronic disease incidence); incidence of
foodborne illnesses; health of farm workers and food producers (potentially greater risk
of injury or exposure to harmful chemicals).
Environmental effects (unless dominant farming practices changed, there would be
greater use of fertilizers, pesticides, and other chemicals to produce the fruits and
vegetables).
Social and economic effects (fruit and vegetable production requires a supply of seasonal
workers, so employment would be affected, and immigration policies could dramatically
affect availability of workers). If fruits and vegetables replace other calories in the diet,
sales of other foods would go down, which may have economic effects on other
commodity markets. Also, there may be synergistic effects among the areas above.
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ANNEX 4: NITROGEN IN AGROECOSYSTEMS
Nitrogen Dynamics and Management in Agroecosystems
Nitrogen (N) is essential for agricultural productivity, but in its more reactive forms it can
pose significant threats to humans and the environment. Quantifying the abundance of nitrogen
in different chemical forms and understanding its pathways through soil, air, water, plants, and
animals under different management scenarios are essential to minimize threats to human
health and environmental quality. Nonetheless, studying multiple forms of nitrogen in the
environment presents many challenges and calls for the use of a systems analysis framework.
This example illustrates several principles contained within the committee’s framework. First,
it shows that the use and management of nitrogen in agroecosystems have effects that can be
manifest in health, environmental, social, and economic domains. Second, it indicates that Nrelated farming practices can affect numerous different populations and components of
managed and natural ecosystems, including members of the general public, farmers and farm
workers, fish and shellfish, and wildland plant communities. Third, it makes clear that these
effects can be manifest in geographical areas both near and far from sites of agricultural
production and N use. Fourth, it illustrates how various drivers, especially government policies,
can have significant impacts on N-related farming practices and subsequent health,
environmental, social, and economic effects. Finally, the example illustrates the value of both
empirical measurements and modeling analyses in assessing contrasting systems for using and
managing N for food production. Although the example is presented from the perspective of the
U.S. food system, the conceptual model included within it could apply to other systems in other
countries as well.
The example points to research gaps. Although multiple analyses of N dynamics in
agroecosystems have been conducted already, most have focused on N fluxes and
transformations in a limited set of farm production systems. Recognizing that such data are
difficult to obtain and costly, data collection over the long term is nonetheless critical to
understanding N dynamics as they are affected by year-to-year variations in weather and by
heterogeneity in soil conditions. Data collection is also needed on health, environmental, social,
and economic effects and costs of N emissions over time and at regional and national scales.

Nitrogen (N) is the most limiting element for plant growth in many ecosystems, despite being
the most plentiful element in the earth’s atmosphere. In its most abundant form, gaseous
dinitrogen (N2), N is unavailable to most organisms. However, following transformation to other
forms, especially nitrate (NO3-) and ammonium (NH4+), N becomes highly reactive in the
biosphere and can be highly mobile in water and air.
Nitrogen is a key component of proteins in both plants and animals, including the enzymes
responsible for photosynthesis and other critical biological reactions, and the muscles used for
movement and other body functions. Consequently, most crops, especially cereals, require
sizeable supplies of N to yield well, and livestock and poultry need a diet rich in N to produce
large quantities of milk, eggs, and meat.
Agriculture now uses more reactive N than does any other economic sector in the United
States (EPA, 2011). However, it is also the sector responsible for the greatest losses of reactive N
to the environment (EPA, 2011), where N has multiple unintended consequences, including
threats to human health, degradation of air and water quality, and stress on terrestrial and aquatic
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organisms (Ribaudo et al., 2011; UNEP, 2007; Vitousek et al., 2010). Because reactive N
strongly affects crop production and farm profitability, as well as human health and
environmental quality, managing N efficiently and in an environmentally harmonious manner is
a critically important component of agricultural sustainability (Foley et al., 2011; Robertson and
Vitousek, 2009).
Identify the Problem
Assessments are typically triggered by a broad problem or concern. The first step in an
assessment, identifying the problem, is often based on consultation with stakeholders, and
reviews of relevant literature. The problem identified for this assessment is the multiple
unintended consequences of certain N management applications in agriculture. Its purpose is to
compare management practices for N application in terms of the stocks and flows of nitrogen.
The ideal management practice would result in high crop yields while minimizing N emissions
that are harmful for the environment, and indirectly human health and economic development.
Determine the Scope of the Problem
Once a problem has been identified, the next step in an assessment is to frame its scope. This
is done by characterizing the boundaries, components, processes, actors, and linkages
encompassed by the system under consideration. For this example, we briefly describe the
boundaries of the N system in terms of characterizing the N pathways under different
environmental conditions and farming practices. We also describe what we know about the
potential health, environmental, social, and economic effects over time and space. In addition, it
identifies various policies as drivers of the system.
Nitrogen Dynamics in Agroecosystems
Nitrogen can exist in multiple forms whose concentrations and movements are strongly
influenced by environmental conditions and farming practices. Consequently, understanding the
fate of N in agroecosystems is challenging. Models developed from the study of dynamic
systems constitute one set of tools for assessing different options for configuring agroecosystems
for improved N management. A simple model depicting relevant stocks and flows of N in
agroecosystems used for crop production is shown in Figure 7-A-3.

PREPUBLICATION COPY: UNCORRECTED PROOFS

Copyright © National Academy of Sciences. All rights reserved.

A Framework for Assessing Effects of the Food System

ANNEX 4:
4 NITROGEN
N

7-A-47

FIGURE 7-A-3 Majo
or N stocks (b
boxes) and flo
ows (arrows)) for a croppinng system. N
Nitrogen stockks and
flows are not drawn to scale.

Mineeral N fertilizzers produceed through th
he Haber-Boosch process constitute thhe single greeatest
source off reactive N introduced into
i
the Unitted States, w
with about 111 teragrams ((Tg1) of ferttilizer
N being used in U..S. agricultu
ure each yeaar (EPA, 20011). Minerral forms off N fertilizeer are
energeticcally expensiive to syntheesize (57 MJJ fossil energgy/kg N) andd sensitive too increases iin the
price of natural gas used in theiir production
n (ERS, 20008; Shapourii et al., 20100). Thus, thee fact
0 to 60 perccent of applieed N fertilizzer is absorbbed by crop plants (Dinnnes et
that typiccally only 40
al., 2002; Drinkwaterr and Snapp, 2007; Robertson and V
Vitousek, 20009) implies large agronoomic,
economicc, and enerrgetic inefficciencies, as well as a large potenntial for exccess N to m
move
downstreeam and dow
wnwind from
m crop fieldss. The exactt fate of N fe
fertilizer is hheavily depenndent
on farm
m managemeent decision
ns influencing N cyclee processess, includingg crop selecction,
irrigation
n management, and the rate,
r
formulaation, placem
ment, and tim
ming of fertillizer applicattions.
The fatee of fertilizzer N also can be hig
ghly dependdent on weeather condiitions, especcially
precipitattion patternss.
In ad
ddition to thee application
n of mineral fertilizers, N may enterr crop fieldss by several other
pathwayss. Biologicaal fixation of
o atmospheeric N2 by microbes aassociated w
with the rooots of
legumino
ous crops lik
ke soybean and alfalfa (symbiotic ffixation) addds about 8 T
Tg N per yeear to
U.S. agro
oecosystemss (EPA, 2011
1). About 6.8
8 Tg of N is present in m
manure produuced each yeear in
the Uniteed States, bu
ut of that quaantity, only 0.5
0 to 1.3 Tgg N is appliedd to croplandd and 3.7 Tgg N is
deposited
d on pasturees and rangeelands (EPA
A, 2011; MaacDonald et al., 2009), indicating tthat a
substantiial proportio
on of manurre N is not recycled
r
efffectively. M
Moreover, maanure appliccation
rates vary greatly am
mong fields, with most fields
f
receivving none annd some recceiving high rates
(MacDon
nald et al., 2009). Co
onsequently, excessive concentratioons of nutrrients, especcially
phosphorrus and N, can
c occur in the vicinity
y of concenttrated animaal feeding opperations andd can
lead to water
w
polluttion (Jackso
on et al., 20
000). Additiional pathwaays by which reactive N is
introduceed into agroecosystems include ligh
htning, fixatiion by non-ssymbiotic m
microbes liviing in
1

A teragraam is the equivalent of 1 billio
on kilograms.

PR
REPUBLICA
ATION COP
PY: UNCO
ORRECTED
D PROOFS

Copyright © National Academy of Sciences. All rights reserved.

A Framework for Assessing Effects of the Food System

7-A-48

A FRAMEWORK FOR ASSESSING THE FOOD SYSTEM

soil, and atmospheric deposition. The former two processes are responsible for adding only small
quantities of N; the latter input can be locally important (Galloway et al., 2004).
Large amounts of N are present within soil organic matter, accruing from residues of plants
and soil microbes and applications of manure and other organic matter amendments. Nitrogen
comprises about 5 percent of soil organic matter by weight, and for soils with appreciable
amounts of organic matter, such as many of those found in the U.S. Corn Belt, the surface 30 cm
contains thousands of kilograms of N, most of which is contained in organic forms.
Decomposition of soil organic matter by microbes transforms organic forms of N (R-NH2) into
mineral forms (NH4 and NO3) that are available to plants, but that also are subject to loss through
leaching and run-off as water moves through and over the soil, and through denitrification as
microbes transform NO3 to N2O, N2, and other N gases. Mineral forms of N in the soil also can
be consumed by microbes and immobilized in organic forms. The processes involved in
mineralization and immobilization transformations are dependent on temperature and moisture
conditions and the relative amounts of carbon, nitrogen, and oxygen present in decomposing
materials and the associated soil, all of which can be quite variable in space and over time.
Mineralization and immobilization processes, as mentioned previously, also are influenced by
farm management decisions.
Losses of N through leaching, run-off, and denitrification are critical components of
agroecosystem N dynamics, farm profitability, and environmental quality (EPA, 2011;
Robertson and Vitousek, 2009). Nitrogen also can be lost from agroecosystems as gaseous
ammonia (NH3) emitted from fertilizer and manure applied to the soil, or from senescing crops
(EPA, 2011; Smil, 1999). Erosion of topsoil and the organic forms of N it contains constitutes
another pathway for N loss from agroecosystems (Smil, 1999). In situations where large amounts
of crop residue are harvested from fields, soil organic matter stocks may become depleted and
the lack of protective soil cover may result in increased amounts of N lost through erosion and
run-off (Blanco-Canqui, 2010). Overall, the magnitudes of various N losses from
agroecosystems are highly variable in space and time, and are strongly influenced by weather
conditions and management practices.
Human Health and Environmental Concerns
Reactive N released from agroecosystems is responsible for a number of adverse public
health and environmental effects. Four of the most salient effects for the United States are noted
here.
Drinking water contamination Nitrate coming from farmland is an important contaminant of
drinking water in many agricultural regions (EPA, 2011), and constitutes a potential health threat
due to its ability to (1) induce methemoglobinemia, a condition in which the oxygen-carrying
capacity of blood is inhibited; (2) promote endogenous formation of N-nitroso compounds,
which are carcinogens and teratogens; and (3) inhibit iodine uptake, thereby inducing
hypertrophic changes in the thyroid (Ward, 2009). These health concerns are not restricted to
members of the farm population. Nitrate contamination of surface water is common in the Corn
Belt and is a recurrent challenge to cities such as Des Moines, IA, which draws drinking water
from the Raccoon and Des Moines Rivers, both of which drain intensively farmed areas. After
repeatedly violating the U.S. Environmental Protection Agency’s (EPA’s) drinking water
standard of 10 mg L–1 for NO3-N, and challenged by increasing levels of nitrate in its source
water, the Des Moines Water Works constructed the largest ion exchange nitrate removal facility
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in the word in 1991 (Hatfield et al., 2009). The need for this facility, which provides service to
500,000 people, has not abated, as record high levels of nitrate were encountered in Des Moines’
drinking water sources in 2013. Nitrate also poses a significant threat to ground water used for
drinking water. A recent report focusing on the Tulare Lake Basin and Salinas Valley of
California, which together contain 40 percent of the state’s irrigated cropland and more than 50
percent of its dairy cattle, found that nitrate poses a significant threat to the health of rural
communities dependent on well water, with nearly one in 10 people in the two regions now at
risk (Harter et al., 2012). The report identified agricultural fertilizers and animal wastes as the
largest sources of nitrate in groundwater in the areas investigated, and noted that 40 out of the 51
community public water systems in the study area that had excessive nitrate levels are in
“severely disadvantaged communities” with high poverty rates. These populations are especially
susceptible to nitrate pollution because they generally cannot afford drinking water treatment or
capital-intensive alternative water supplies.
Eutrophication and hypoxia Reactive N in water draining from agricultural regions can be
responsible for eutrophication of freshwater bodies and hypoxia in coastal waters (Galloway et
al., 2003). High levels of N in water stimulate harmful algal blooms, leading to suppression of
desired aquatic vegetation and, when the algae die, their subsequent decomposition by bacteria
leads to large reductions in dissolved oxygen concentrations, with concomitant reductions in
populations of shellfish, game fish, and commercial fish.
Eutrophication and hypoxia effects are often spatially separated from their causes. For
example, an estimated 71 percent of the N entering the northern Gulf of Mexico, the largest
hypoxic zone in the United States and the second largest hypoxic zone worldwide, comes from
croplands, rangelands, and pastures upstream in the Mississippi River basin, with 17 percent of
the total N load coming from Illinois, 11 percent from Iowa, and 10 percent from Indiana
(Alexander et al., 2008). Thus, because of the mobility of reactive N, agricultural practices and
land uses in one region can affect water quality, recreational activities, and economic sectors like
fisheries hundreds of miles downstream.
Greenhouse gas loading Agricultural practices, principally fertilizer use, are responsible for
about 74 percent of U.S. emissions of nitrous oxide (N2O), a greenhouse gas with a global
warming potential 300-fold greater than that of carbon dioxide (EPA, 2013). Although the
agricultural sector is responsible for only 6.3 percent of total U.S. greenhouse gas emissions
(EPA, 2013), it is notable that agricultural emissions can offset efforts to use agricultural systems
to mitigate climate change by sequestering carbon dioxide or providing alternative energy
sources (Robertson and Vitousek, 2009). Nitrous oxide emissions from agriculture are also
notable as illustrations of how practices taking place locally on farmlands can have global-scale
effects.
Ecological and human health effects of ammonia and other NHx-N emissions In 2002, the
United States emitted 3.1 Tg of N into the atmosphere as ammonia (NH3) and other NHx-N
compounds, with agricultural practices, principally manure and fertilizer management, estimated
to be responsible for 84 percent of that total (EPA, 2011). Most of these emissions are deposited
within 1,000 km downwind as ammonia or ammonium (NH4) in rainwater and aerosols
(Robertson and Vitousek, 2009). Ammonia emissions can lead to the formation of fine inorganic
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particulate matter (PM2.5) as ammonium-sulfate-nitrate salts, which are a factor for premature
human mortality (Paulot and Jacob, 2014).
Deposition of reactive N from the atmosphere can acidify soils and waters and alter plant and
soil community composition in grasslands and forests, leading to reductions in overall biological
diversity and increases in the abundance of certain weedy species (EPA, 2011; Robertson and
Vitousek, 2009). Like the movement of reactive N in water from agricultural regions to coastal
ecosystems, the aerial movement and deposition of NHx-N compounds illustrates that
agriculture’s impact on the environment can extend into other ecosystems that may be located
considerable distances from farmlands.
Using models of ammonia sources and transport and PM2.5 formation and deposition, Paulot
and Jacob (2014) calculated the quantities of atmospheric ammonia and PM2.5 that are related to
U.S. food exports, and the associated impacts of these pollutants on human health. They
concluded that over the study period of 2000 to 2009, 5,100 people died annually due to these
emissions, incurring a cost of $36 billion. This value greatly exceeded the net value of the
exported food ($23.5 billion per year). The investigators noted that these human health and
economic costs indicated “extensive negative externalities,” and that taking into account other
environmental impacts of agriculture, such as eutrophication, loss of biodiversity, and
greenhouse gas emissions, would further diminish the value of agricultural production and
exports.
Policy and Educational Considerations
Environmental quality and human health concerns related to the use of N for crop production
have important policy dimensions. In an analysis of 29 watersheds covering 28 percent of the
United States, Broussard et al. (2012) noted that increases in federal farm program payments
were significantly correlated with greater dominance of cropland by corn and soybean, more
expansive fertilizer applications, and higher riverine nitrate concentrations. They suggested that
federal farm policies, expressed through farm payments, are a potent policy instrument that
affects land use decisions, cropping patterns, and water quality. Based on focus group interviews
with farmers and residents of the Wells Creek and Chippewa River watersheds in Minnesota,
Boody et al. (2005) noted that recent federal programs have encouraged the production of a
narrow set of commodity crops, while discouraging diversified agriculture and conservation
efforts that better protect environmental quality. Similarly, Nassauer (2010, p. 190) observed that
“for more than 50 years, production subsidies have vastly exceeded conservation spending––by
almost ten times today—and this ratio has been clearly understood by farmers making
production decisions.” Consequently, fewer opportunities exist for reducing N emissions to air
and water from arable croplands through the increased use of conservation buffer strips and
grasslands, reconstructed wetlands, and diversified cropping systems that include hay and other
non-commodity crops.
Federal energy policies that have promoted ethanol production from corn grain have been
linked to reactive N emissions. Donner and Kucharik (2008) used process-based models to
simulate hydrological and nutrient fluxes in the Mississippi River Basin under different corn
production scenarios. They found that the increase in corn cultivation required to meet the
federal goal of producing 15 to 36 billion gallons of renewable fuels by the year 2022 would
increase average annual discharge of dissolved inorganic N into the Gulf of Mexico by 10 to 34
percent.
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A recent report from the EPA-specified federal policy options (EPA, 2011) for reducing
emissions of reactive N from U.S. agroecosystems to better protect environmental quality and
human health. Existing government policies and programs for reactive-N reduction included the
Conservation Reserve Program, the Wetland Reserve Program, and the Environmental Quality
Incentives Program. Market-based instruments for pollution control identified by the report
included tradable water quality credits, auction-based contracting, individual transferable quotas,
risk indemnification to protect farmers adopting new practices from uncertainty, and
conservation easements. Biophysical and technical approaches identified by the report included
decreasing the amount of N fertilizer needed through changes in human diet (principally a
reduction in animal protein consumption); removing croplands susceptible to reactive N loss
from crop production; increasing fertilizer use efficiency through changes in crop management
practices and improved fertilizer technology; engineering and restoring wetlands to decrease
nitrate loading of aquatic systems; and developing new technologies to minimize ammonia
emissions from manure.
At the other end of the spectrum from federal policies that influence N use and reactive N
emissions are local and statewide efforts to change practices through education. Successful
implementation of management practices, such as improved irrigation strategies, diversified crop
rotations, conservation buffer strips, and improved crop N use efficiency, requires a focus on
policy incentives and research as well as substantial investments in education for end users. This
can be done through established networks of science and communication, and by engaging a
broad spectrum of the general public and members of the agricultural community through the
development of local and regional watershed groups (Dzurella et al., 2012; Morton and Brown,
2011; MPCA, 2014).
Identify the Scenarios
To understand the effects of a new intervention, policy, or technology, an assessment
compares the performance of the current system as described in the scope—the baseline—with
one or more alternative scenarios that reflect the proposed change. For this example, an
assessment team would identify the alternative systems for N management. We illustrate this
step through a literature review about prior comparisons under different circumstances.
The conceptual model shown in Figure 7-A-3 shows stocks and flows of N for a crop-soil
system and illustrates that improving crop N uptake, promoting recycling within the system, and
regulating flows out of the system affect N use efficiency by crops and N emissions to water and
air.
Use of this conceptual model fosters comparisons of alternative configurations of farming
systems and promotes the use of multiple criteria when evaluating the performance of different
systems. For example, in a field experiment conducted in Michigan, McSwiney and Robertson
(2005) found that corn yield increased with additions of mineral N fertilizer up to a rate of about
100 kg N ha-1 (hectares-1), but that additional fertilizer failed to increase yield. In contrast,
emissions of the greenhouse gas N2O from the soil were low at fertilizer rates up to 100 kg N
ha1, but more than doubled as fertilizer rates exceeded that threshold. Non-linear, exponentially
increasing rates of N2O emissions in response to increases in N fertilizer rates also were
observed by Hoben et al. (2011) on five commercially farmed fields used for corn production in
Michigan. At the two N fertilizer rates above those recommended for maximum economic return
(135 kg N ha−1), average N2O fluxes were 43 and 115 percent higher than were fluxes at the
recommended rate. Other studies have found that nitrate leaching increases with increasing rates
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of N fertilization (Drinkwater and Snapp, 2007). Thus, in terms of the model shown in Figure 7A-3, carefully managing the rate of fertilizer N addition to meet but not exceed crop demand
could optimize the amount of soil mineral N and crop N uptake, while minimizing N loss to the
atmosphere through denitrification and N loss to water through leaching and run-off.
Crops differ in their effects on nitrate emissions to ground and surface waters, due to cropspecific rates of N fertilizer application, biological N fixation, N uptake, and N return in residue
(Robertson and Vitousek, 2009). In the Mississippi River Basin, nitrate-N concentrations in
streams and rivers are directly proportional to the amount of land within watersheds planted with
corn and soybean (Broussard and Turner, 2009; Schilling and Libra, 2000), largely because those
crops are small in size or not actively growing during periods of the year when substantial
quantities of dissolved N are moving from fields in run-off and leachate (Hatfield et al., 2009;
Randall et al., 1997). Consequently, as noted previously, nitrate contamination of surface and
ground waters within the Corn Belt that supply drinking water is a major concern, as is the flow
of nitrate-laden river water into the Gulf of Mexico, where it contributes to hypoxia.
In contrast to corn and soybeans, which are relatively ineffective at preventing N emissions
to water, small grains, such as oat, and perennial grasses and legumes used for forage production
are more effective in preventing N from entering drainage and surface waters, due to their greater
use of water-carrying dissolved N during spring and autumn and, in the case of forage crops, a
longer period of growth and N uptake throughout the year (Hatfield et al., 2009; Randall et al.,
1997). Cover crops, which take up N during periods of the year when cash and feed crops like
corn and soybean are not present in fields, can strongly reduce N losses to water by reducing soil
mineral N stocks (Kaspar et al., 2007; Syswerda et al., 2012; Tonitto et al., 2006). Diversified
crop rotation systems that use small grain, forage, and cover crops in addition to corn and
soybeans can reduce N emissions to water by increasing inputs of N through biological fixation,
increasing the size of soil organic N stocks, reducing requirements for mineral fertilizer, and
maximizing crop uptake of soil mineral N (Blesh and Drinkwater, 2013; Drinkwater et al., 1998;
Gardner and Drinkwater, 2009; Oquist et al., 2007).
Unlike the Corn Belt, where most crop production occurs under rain-fed conditions, most
production in California is irrigated, especially in intensively cropped regions. Because the
movement of reactive N is related to soil moisture conditions and water fluxes, water
management and N management are linked closely. Dzurella et al. (2012) recommended that
reductions of nitrate in California groundwater aquifers should be pursued by optimizing
application rates and timing of water, fertilizer, and manure applications to better match crop
need. In addition, they recommended that adjustments and improvements be made to crop
rotation strategies and storage and handling of fertilizers and manure, and that manure-N be
accounted for by reducing mineral fertilizer N applications accordingly.
Alternative configurations of cropping systems and N sources may be particularly useful in
addressing emissions of reactive N from California cropping systems. For example, Wyland et
al. (1996) investigated the effects of winter cover crops (phacelia and rye) in broccoli-based
cropping systems in the Salinas Valley and found that the cover crops reduced nitrate leaching
by 65 to 70 percent relative to a winter fallow treatment. The effect was attributed to the cover
crops’ ability to capture N and water that would otherwise have been lost from the soil profile. In
a long-term field experiment conducted in California’s Sacramento Valley, soil N storage was
greater and N losses were smaller for cropping systems that relied largely or exclusively on N
inputs from leguminous cover crops and manure, and that minimized or eliminated the use of
mineral N fertilizer (Poudel et al., 2001). Using the same experiment site, Kramer et al. (2002)
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and Pesticide Transport) model to evaluate N emissions to streams under four different scenarios
for land use in two agriculturally dominated watersheds in Minnesota, Wells Creek (16,264 ha)
and Chippewa River (17,994 ha). The scenarios included (1) a continuation of current patterns of
land use, mostly corn, soybean, and sugar beet production; (2) the use of “Best Management
Practices,” including conservation tillage practices, 30-meter wide buffer strips along stream
banks, and application of fertilizer rates to match but not exceed crop demands; (3) increased
landscape and cropping system diversity through wetland restoration, greater use of long
rotations that included small grains and perennial forage crops with corn, soybean, and sugar
beet, and increased use of pastures; and (4) an extension of the third scenario that further
increased vegetative cover by shifting more arable cropland to grasslands, increasing the width
of riparian buffers to 90 meters, and planting cover crops wherever row crops were produced. In
addition to changes in water quality, changes in farm production inputs and net farm income
were assessed using economic databases.
Under scenarios 3 and 4 in both watersheds, N fertilizer use fell 62 to 90 percent, N exported
from land to streams decreased 51 to 74 percent, and government payments for commodity price
support declined 44 to 70 percent, while net farm income rose 12 to 105 percent over the current
baseline. Boody et al. (2005) concluded that environmental and economic benefits could be
attained through changes in agricultural land management without increasing public costs.
Landscape and cropping system diversification also resulted in large predicted reductions in
stream N concentrations in simulations conducted for two watersheds in Iowa by Santelmann et
al. (2004) using the SWAT (Soil and Water Assessment Tool) model.
Conduct the Analysis
In this step of an assessment, data, metrics, and analysis tools are used to examine the likely
health, environmental, social, and economic effects associated with the alternative scenarios. For
this example, we consider the data, metrics, and tools that would be used to compare the N
management scenarios described above.
Empirical datasets with which to account for the full complement of N dynamics in different
agricultural production systems are difficult to obtain (Vitousek et al., 2009). Although it can be
relatively easy to monitor N inputs in the form of mineral fertilizers and manure, and N outputs
in the form of harvested crop materials and marketed animal products, accurate measurements of
biological N fixation, gaseous losses through denitrification, aqueous losses due to leaching, and
N transformations between organic and mineral forms can be technically challenging, subject to
considerable temporal and spatial variation, and expensive (Galloway et al., 2004).
Consequently, despite the centrality of N dynamics for agricultural production, most
experimental and observational studies have focused on a limited subset of N fluxes and
transformations.
Building complete N budgets for contrasting management systems will require longer term
commitments and greater investment than are typical for the majority of more narrowly focused
agricultural research projects. The Long-Term Ecological Research site operated by Michigan
State University (Robertson et al., 2014; Syswerda and Robertson, 2014; Syswerda et al., 2012)
is one of the few large-scale, long-term, multidisciplinary cropping system experiments
conducted within the United States in which a large number of N stocks and flows have been
studied with sufficient detail to provide insight into system-level characteristics. If N dynamics
in all of the major agricultural production systems of the United States are to be understood,
long-term investment in a distributed network of agroecosystem research sites is critically
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important, due to the need to (1) observe soil conditions for multiple years to detect slow impacts
of farm management practices, (2) accommodate interannual variability in weather and pest
conditions, and (3) effectively address the wide range of geographic conditions in which farming
takes place. As noted by Robertson et al. (2008), this approach is largely lacking from the U.S.
agricultural research portfolio.
The earlier scoping and scenario sections should make it clear that additional measurements
and assessments, beyond yields, N fluxes, and N use efficiency, are necessary to understand the
full impacts of N use and management in agroecosystems. These include quantification of the
off-site economic, environmental, and health effects and costs of N emissions. Given the long
distances that reactive forms of N can move downstream and downwind and the long lag times
that may occur before effects are observed (Galloway et al., 2003), such measurements and
assessments must be conducted at spatial scales much greater than individual fields, must be
conducted for multiple years, and must include a much wider spectrum of plants, animals,
microbes, and human populations than those encountered on farms. Socioeconomic
investigations also must be integrated with biophysical research to: (1) understand the signals
and types of information that most affect farmers’ decisions concerning N use and management;
(2) determine the economic impacts of using alternative N management and cropping systems at
farm, regional, and national scales; and (3) identify changes in policy that might affect the Nrelated impacts of agroecosystem management (Robertson and Vitousek, 2009; Robertson et al.,
2008).
The use and management of N in agroecosystems is an issue of worldwide concern, not
restricted to the United States (UNEP, 2007; Vitousek et al., 2009). Thus, improvements in
analytical methods and approaches may be gained from investigations conducted internationally.
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ANNEX 5: COMPARING HEN HOUSING PRACTICES AND THEIR EFFECTS ON
VARIOUS DOMAINS
A Systems Approach to Exploring the Effects of Hen Housing
In contrast to the previous examples, in this annex, the current case study is based on an
actual assessment, in which data on various dimensions of effects are being collected and
analyzed for various hen housing alternatives. Interestingly, the planning, data collection, and
analysis that occurred for this project closely parallels the principles and steps of this
committee’s framework.
This unique project allows simultaneous assessment of the magnitude of effects across all
the domains of effects of egg production on a commercial scale. This effort could not be
assessed by conducting independent studies alone.
The project also is unique in bringing together a large group of stakeholders to share
information and participate in evaluation and decision-making processes. The example shows
the importance of involving a multidisciplinary team of researchers and other stakeholders from
the beginning of the planning stages throughout the analysis step.
This project, however, does not address some dimensions of the committee’s proposed
framework, specifically resilience and distribution. These dimensions encompass economic
effects that the policy intervention could have on farms of differing sizes. In addition, the project
does not attempt to understand public attitudes toward farm animal welfare and the role that
those attitudes played in consumer purchasing behavior or how an increase in the cost of eggs
would affect consumer behavior. Significant knowledge gaps exist in this area.
The study illustrates the need to carefully choose alternative interventions for comparison. It
shows that an intervention that might positively affect hen welfare, for example, also affects
human health, the environment, and the economy of the sector.
The primary limitation of the project is that it is being conducted on a single farm, with one
genetic strain of hens. This may constrain applicability to other U.S. regions and management
practices, although the project will provide an overall framework and methodology for
assessment that can be used across contexts. It should be noted that the goal of the project is
to identify synergies and trade-offs, not to attempt to provide a formal integration of the data into
an index that will “rank” the different housing systems. Each member stakeholder in the coalition
can use the information obtained to make its own purchasing and supply decisions, based on its
own organization’s values with respect to sustainability.

Eggs are a primary source of animal protein worldwide. As early as in the 1950s, commercial
egg producers began to adopt conventional cages to house laying hens. Before this intensification
of egg production, hens were kept in small to medium-sized flocks in barns or in free-range
systems. Although the latter allowed the hens to perform a wide range of natural behaviors, they
also exposed them to diseases and predation. In addition, food safety concerns arose because
hens could lay eggs outside their nesting areas (potentially allowing for contact with manure),
and these eggs were soiled and dirtier than nest-laid eggs and potentially contaminated with
manure-borne pathogens. Cage housing greatly reduced food safety issues because the birds’
excreta fell through the cage floor, and was removed by belt systems from the barn, thus
preventing both birds and eggs from contacting manure. In general, cage flooring is sloped to
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allow eggs to roll out on to egg collection belt. This prompt collection ensures improved
cleanliness and freshness of the egg product. In general, cages facilitated the expansion and
integration of the laying industry by allowing larger flock sizes and more automation of feeding,
watering and egg collection, which reduced the cost of eggs. Today, the vast majority of U.S.
eggs (>95 percent) are from hens raised in conventional cage barns.
Starting in the 1960s, conventional cage housing began to be criticized, particularly in the
European Union (EU) because it restricted the behavior of the hens and did not allow for the
resources hens needed to perch, nest, or forage. In 1976, the Council of Europe published a
Convention stating that farm animals should be given “space appropriate to their physiological
and ethological [behavioral] needs.” The EU established minimum space standards for laying
hens, and cages were entirely banned in 1999. In 2008, California voters passed a referendum
named Proposition 2 (i.e., The Prevention of Farm Animal Cruelty Act) that, although
ambiguously worded, effectively outlawed conventional cages for laying hens. Legislation that
either outlawed or restricted the use of conventional cages was passed in Michigan, Ohio,
Washington, and Oregon during the following 2 years.
After its ban on conventional cages for egg-laying hens, the EU undertook considerable
efforts to develop alternatives to conventional cage housing. The two alternative types of housing
systems now acceptable under EU regulations are non-cage (also known as cage-free) systems,
and furnished cages (also known in the United States as enriched colony systems). Non-cage
systems include large buildings (i.e., aviaries) that provide indoor housing for tens or hundreds
of thousands of hens that are allowed to move freely. The hens are provided with perches and
nest boxes that largely allow for automated egg collection. A portion of the floor of the house
contains bedding (e.g., wood shavings), which facilitates pecking, scratching, and dustbathing
behaviors of the hens. On the downside, this space also allows manure to accumulate over long
time periods.
Several types of furnished cages exist, and in general they provide more space to birds than
do conventional cages. Furnished cages, which each house a group of 20 to 60 hens, offer
perches, a nestbox, and an area onto which loose material is delivered to facilitate pecking,
scratching, and dustbathing. As with conventional cages, the cage floor is made entirely of wire
and is sloped so that the eggs roll out on to an automatic egg collection belt1 and the manure
falls onto manure collection belts that remove waste from the building.
Identify the Problem
The first step of an assessment is to identify the problem. This is typically done based on
consultation with stakeholders, and reviews of relevant literature. The problem identified for this
assessment is that changes in hen housing potentially have far-reaching economic consequences
and may also have unintended consequences in the areas of environmental quality, human and
animal health, and worker safety. The objective of the current study has been to learn about
interconnections and trade-offs in various alternative poultry housing configurations. Results of
the current study may be used to inform public policy related to practices and management of
egg-laying hens in the United States.

1

Videos showing the features of different systems can be found at: http://www2.sustainableeggcoalition.org/
resources.
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Define the Scope of the Problem and Identify the Scenarios
Once a problem has been identified, the next steps of an assessment are to frame its scope
and identify alternative scenarios. Framing the scope is done by characterizing the boundaries,
components, processes, actors, and linkages encompassed by the system under consideration.
Identifying alternative scenarios compares the performance of the current system—the
baseline—with one or more alternative scenarios. This is done to understand the potential effects
of a new policy or intervention under consideration. For this example, these two steps have been
combined, and the scope of the problem and alternative scenarios are described by summarizing
selected studies that have compared the effects of various hen housing systems.
Effects of Bans on Conventional Cage Systems
When the hen housing laws in the United States were passed, it became apparent that moving
to alternative production systems would affect sustainability domains other than just hen welfare,
including egg safety and quality, environmental quality, food affordability, worker health and
safety, and public values and attitudes. In 2008, the American Egg Board2 funded Michigan State
University and the University of California, Davis, to study various sustainability sectors to
review existing knowledge in these sustainability areas and to identify gaps. A series of papers
resulted that identified effects and knowledge gaps as discussed below.
Hen health and welfare This area has been more intensively studied than any of the other
sustainability areas (Lay et al., 2011). Conventional cages restrict hen behavior the most,
whereas non-cage systems provide more space for movement and provide behavioral resources,
with furnished cages being intermediate. However, non-cage systems are known to be more
associated with hen health problems than are cage systems. These problems include higher risks
of infection with diseases and parasites and higher rates of bone breakage due to hens’ contact
with manure and vectors. Incidences of cannibalism and pecking also are more abundant in noncage versus cage systems. These factors are important drivers of mortality, which is often higher
in non-cage than in cage systems.
Environment Environmental impacts of laying hen production systems include air quality
(particulate matter and ammonia), water quality (run-off), manure management (due to effects on
ammonia production), and resource usage (feed, energy, land) (Xin et al., 2011). In general,
particulate matter is lower in cage versus non-cage systems because the barns contain no manure
that can be aerosolized. Manure is a primary contributor to higher ammonia concentrations in
cage-free houses because it is generally not removed until the end of the laying cycle. Hens are
stocked at lower density in furnished cages than in conventional cages, and at even lower density
in non-cage systems, these lower densities are associated with greater land use and more feed
consumption, thus contributing to reduced resource usage efficiency and a higher carbon
footprint. Knowledge gaps included comparisons of environmental effects and footprints among
2

The American Egg Board is the promotion, education, and research organization for the U.S. egg industry. It is
composed of 18 members who are egg producers appointed by the Secretary of Agriculture to administer the
program on behalf of all egg producers in the 48 contiguous states. The Board was authorized by the Egg Research
and Consumer Information Act passed by the 93rd Congress and its activities are conducted under the oversight of
the U.S. Department of Agriculture.
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the different hen housing systems in the United States, lack of process-based models for air
emissions, lack of knowledge about the effectiveness of mitigation strategies, and limited
understanding of interactions among environmental effects, worker safety, and hen health and
welfare.
Egg safety and quality Although a number of European studies have characterized egg quality
in different hen housing systems, results have been contradictory with respect to attributes, such
as egg size, shell strength, shell quality and integrity, egg interior quality, and egg nutritional
quality (Holt et al., 2011). The major egg safety factor is Salmonella enteriditis contamination.
When eggs are laid on top of manure or soil (which is often the case in cage-free systems), they
become soiled with manure, and fecal pathogens on the shell can enter the egg through the egg
pores. However, little conclusive research has been conducted on the effects of various housing
systems on Salmonella.
Food affordability Studies from Europe have shown that the cost of producing eggs was higher
in non-cage versus cage systems, with costs of production in furnished cage systems
intermediate. Data from California producers indicated that the shift from conventional cages to
indoor non-cage systems would cause farm-level cost increases of about 40 percent per dozen
eggs, but no U.S. data were available for furnished cages (Sumner et al., 2011). Gaps in
knowledge include those related to costs of production in alternative production systems in the
United States, impacts on smaller producers of having to make significant capital investments to
adopt new housing systems, and the effects of increased egg prices on retailer and consumer
behavior.
Worker health and safety Little information is available on worker health and safety issues
associated with alternative production systems. Although it can be assumed that factors which
affect hen health and comfort (e.g., dust, ammonia) also potentially affect workers, a lack of
empirical information exists about the impacts of either environmental factors or ergonomic
challenges.
Conduct the Analysis
The review conducted in this project to define the scope of the problem and identify
alternative scenarios provided justification for the data collection, metrics, and analysis proposed
by the stakeholder team assembled to assess this problem. The goal of their analysis was to
outline trade-offs and ramifications of potential hen housing decisions.
This analysis provides an excellent example of a series of challenges within a major food
production area. Decisions about the weight or importance of every major effect depend on
reconciling competing value judgments. For example, is behavioral freedom more or less
important than hen health as a consideration when deciding which housing system is more
sustainable? To what extent do the magnitudes of each effect and the potential costs of
mitigation affect decision making about hen welfare? Competing value judgments again come
into play when weighing the importance of one area of sustainability against another when the
information is conflicting. Various integration methods have been employed to address these
challenges, including deliberative approaches, informal decision making, and quantitative
analyses. The latter are appealing because they result in the assignment of numerical outcomes to
the various sustainability attributes. However, because no empirically or logically “correct” way
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exists to assign such numbers, ultimately they also depend on value judgments. Participatory
decision-making strategies that involve a broad array of stakeholders are a promising method for
value integration, and a group of stakeholders was convened to begin this process for sustainable
egg production.
Stakeholder Participation
The data gaps and approaches identified above were influential in informing the next stage in
the process of evaluating the sustainability of egg production, which was the formation of the
Coalition for a Sustainable Egg Supply (CSES), described by Swanson et al. (In Press). The
CSES is a multistakeholder group collaborating on a study of housing alternatives for egg-laying
hens in the United States. It has more than 30 members, including research institutions, trade
organizations, scientific societies, non-governmental organizations, egg suppliers, food
manufacturers, and restaurant/retail/food service companies. Leadership for the project is
provided by McDonald’s, Cargill, Michigan State University, University of California, Davis,
and the American Humane Association, with the American Veterinary Medical Association, the
U.S. Department of Agriculture’s Agricultural Research Service, and the Environmental Defense
Fund serving as advisors. Retailers have assumed a central role in discussions about animal
welfare and the sustainability of the food supply in general because they have been increasingly
subject to public activity (e.g., shareholders’ resolutions, advertising campaigns) designed to
influence their purchasing practices. The CSES is facilitated by the Center for Food Integrity
(CFI), a not-for-profit organization dedicated to building consumer trust and confidence in the
food system.CFI members represent each segment of the food chain.
Metrics and Data Collection
The goal of the CSES is to collect data to understand the magnitude of effects and the tradeoffs in terms of hen welfare, worker health and safety, food affordability, environmental impacts,
and egg safety and quality in different hen housing systems under U.S. conditions. The data are
being collected over two full hen flock cycles from a commercial farm in the Midwest that
contains three types of housing facilities: conventional cage, cage-free aviary, and furnished cage
system.
The following effects/outcomes are being compared among the alternative hen housing
systems:
•

•
•
•

Hen health and well-being: Hen behavior and resource/space use, physiological
indicators of stress, comprehensive physical condition, and health outcomes measured
using a standardized evaluation system plus clinical observation and testing, bone quality,
and bone- breaking strength (i.e. force require to break a bone).
Food safety and quality: Interior and exterior egg quality; egg shelf life; microbial
contamination levels of eggs, egg-processing areas, and housing areas; immunological
responses of hens to the Salmonella vaccine.
Environment: Indoor air quality and thermal conditions, gaseous and particulate
emissions from houses and manure storage areas, efficiency of resource (feed, water,
energy), nitrogen mass balance, life cycle analysis.
Worker health and safety: Personnel exposure to gaseous and particulate matter,
respiratory health, ergonomic stressors, musculoskeletal disorders.
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Food affordability: Production costs (feed, land and buildings, labor, hen disease and
health costs, pullet costs) and revenue (marketable output flows).

The CSES provided more than $6.5 million for this research to be conducted, with additional
significant costs incurred to construct or renovate the commercial houses to enable the project to
be operated. In addition, the CFI is conducting parallel research using focus groups to understand
consumer attitudes toward hen housing systems and the sustainability of egg production, as well
as to determine how those attitudes may be influenced when consumers are provided with the
information obtained from the CSES research project.
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Epilogue

The committee was charged with developing a framework for assessing the health,
environmental, social, and economic effects associated with the way food is grown, processed,
distributed, marketed, sold, and consumed, as well as regulated, within the U.S. component of
the global food system. To address this responsibility effectively, the committee believed it
necessary to develop an understanding of the current food system and its evolution over time.
The committee sought to describe some of the salient effects of the food system on human health
and well-being and on the environment. The food system has evolved and will continue to evolve
as a result of the natural resource endowment and changing government policies, societal norms,
market forces, and scientific discoveries. Although it is difficult to predict the shape and
characteristics of the U.S. food system in the future, the framework developed by the committee
is intended to facilitate retrospective and prospective analyses of the system, and to foster
improved decision making on how it might be better organized, altered, and maintained.
CONCLUDING THOUGHTS
Examples abound in which decisions about the food system have resulted in consequences in
multiple domains well beyond their immediate objective. Researchers are still analyzing the
causes and the effects even after policies have been implemented. While collecting information
and illustrating the application of the framework to the various examples selected, 1 the
committee reached the following conclusions:
1. Comprehensive studies of food systems that use all principles of the committee’s
framework are rare in published literature. For example, the committee could not find a
single example where all four domains (health, environment, social, and economic
effects) and the four key dimensions (quality, quantity, distribution, and resilience) were

1

The committee selected the following examples: (1) recommendations for fish consumption and health; (2)
policies mandating biofuel production; (3) recommendations to increase fruit and vegetable consumption; (4) the use
of antibiotics in animal feeding; (5) nitrogen application to obtain maximum crop yields; and (6) policies on animal
welfare dealing with commercial egg production.
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considered. More importantly, most studies lack clear statements of boundaries and
assumptions about the affected domains, their interactions, or dynamic feedbacks.
2. Studies that consider the entire food supply chain and address multiple domains (and
dimensions) of effects of an intervention and its drivers can identify outcomes and tradeoffs that are not visible in more narrowly focused assessments.
3. Policies or actions that aim for an outcome in one domain of the food system (e.g.,
health) can have consequences not only in the same domain, but also in other ones (e.g.,
environmental, social, and economic domains). These consequences may be positive or
negative, intended or unintended. They can be substantial and are often not proportional
to the change incurred. That is, what might appear as a small intervention may have
disproportionately large consequences in various domains across time and space.
4. The data and methodologies used to study the food system have been collected and
developed both by public and private initiatives, depending on the questions they help to
address (e.g., public health or climate change questions vs. questions related to the
environmental effects of a specific company). Methodologies include not only those to
describe and assess the effects of the system, but also those that serve to synthesize and
interpret the results. Publicly collected data and publicly supported models have been and
continue to be critically important in assessing and comparing the effects of the food
system in various domains and dimensions. The lack of access to data collected by
industry can be a major challenge for public research aimed at understanding the drivers
and effects of the food system.
5. Stakeholders are important audiences of any assessment exercise, but they also can play
an important role throughout the process by contributing to, identifying, or scoping the
problem or potential effects that may not have been apparent to the researchers as well
as by being important sources of data when public sources are not readily available.
Effectively engaging stakeholders has challenges, such as avoiding conflicts of interest,
ensuring equitable engagement, and addressing potential lack of trust by the public.
Therefore, this type of participatory process requires careful planning about whom to
involve, when to involve them, and how much involvement is appropriate.
6. Even though major improvements in the U.S. food system have resulted in the past from
the introduction of new technologies, needed future improvements in the system may not
be achievable solely through technological innovation and may require more
comprehensive approaches that incorporate non-technological factors to reach long-term
solutions. Systemic approaches that take full account of social, economic, ecological, and
evolutionary factors and processes will be required to meet challenges to the U.S. food
system in the 21st century. Such challenges include antibiotic and pesticide resistance,
chemical contamination of air and water, soil erosion and degradation, water deficits,
diet-related chronic disease, obesity and malnutrition, and food safety.
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7. To discover the best solutions to these problems, it is important not only to identify the
effects of the current system, but also to understand the drivers (e.g., human behavior,
markets, policy) and how they interact with each other and with the observable system
effects. Such understanding can help decision makers to identify the best opportunities to
intervene and to anticipate the potential consequences of any intervention.
These conclusions support the development of an analytical, systems approach framework
that can be used to broaden insights into the consequences of food and agriculturally related
activities and policies, assisting decision makers in becoming aware of trade-offs and potential
unintended consequences. When considering alternative configurations 2 (e.g., policies or
practices) that affect the food system, the framework provided by the committee should be used
to examine policies or proposed changes in the food system that may have wide implications.
Applying the framework also will help to identify uncertainties and identify and prioritize
research needs.
The committee recognizes that in some cases, limited resources might preclude a
comprehensive analysis of the food system. Also, discrete questions may not require a full
systemic analysis. In such instances, not all steps or methods will apply equally, depending on
the scope and topic chosen by a researcher. Regardless of the scope of the analysis, assessors still
need to recognize boundaries and implications and to take into account the various
interrelationships of the food system.
The use of such an analytical framework relies on good data, metrics, and methodologies.
Organized and systematic collection of data on a national and international basis, in addition to
local, regional, and state levels, is vital to improving the ability to answer critical questions on
U.S. food system impacts. The U.S. government maintains major datasets that are useful for
assessing the health, environmental, social, and economic effects of the food system. These
include the U.S. Department of Agriculture’s (USDA’s) Food Availability Data, Loss-Adjusted
Food Availability Data, and Nutrient Availability Data databases, which are critical as a proxy
for the food consumption and food losses in the United States for more than 200 commodities.
Another critical database is the Centers for Disease Control and Prevention’s National Health
and Nutrition Examination Survey, which estimates the health and nutritional status of the U.S.
population. In the environmental domain, the National Agricultural Statistics Service’s
Agricultural Chemical Use Program collects data on pesticide use in farms, which is important to
estimate the risks to farmers and the environment. The USDA National Agriculture Statistics
Service data series (e.g., the Farm Labor Survey; the Census of Agriculture; and the Agricultural
Resource Management Survey) are also important. Many other databases also are crucial for
conducting assessments; a list of selected databases can found in Table B-3, Appendix B. The
design, collection, and analysis of data should be reviewed periodically so that it matches the
needs of researchers and decision makers as new questions arise. Many specific needs could also
be identified in the social and economic domains, but some general areas of concern are the
overall lack of segregated datasets (e.g., data by sociodemographic factors at regional or local
levels) and of validated metrics for some variables, such as the well-being of individuals or
groups.
2

Elements within the food system, such as policy interventions, technologies, market conditions, or organizational
structure of different segments of the food system, that can be modified to achieve a particular goal or to explore
how potential drivers (e.g., growth in demand for foods with particular traits) might impact the distribution of health,
environmental, social, and economic effects.
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The committee recommends that Congress and federal agencies continue funding and
supporting the collection (and improvement) of federally supported datasets that can be used for
food system assessment studies along with consideration to creating new data collection
programs as priorities arise. Likewise, continued support for developing and advancing methods
and models is necessary for a more comprehensive understanding of U.S. food system effects
across all domains. The National Institutes of Health’s Office of Behavioral and Social Sciences
Research has supported systems science research to advance health promotion and public health
efforts, but more could be done to advance multidisciplinary studies among the agricultural,
economic, environmental, social science, and health research communities. The government,
academic, and private sectors have recognized the need to share data. The committee supports
federal efforts to share data and encourages further development of improved methods for more
efficiently sharing data across disciplines and agencies and with the private sector. The
committee urges that government–industry collaboration mechanisms be developed to make
industry collected information more readily available for use in research and policy analysis.
The committee also notes the need to build human capacity in the field of systems science
research. As this report has pointed out, a fuller understanding of the implications of changes to
the food system could be gained by more integrated analyses, yet much research in these
domains remains narrowly focused and linear in its design. Training scientists in academia, the
private sector, and government agencies in all aspects of complex systems approaches—
including systems research design, data collection and analytical methodologies, and the use of
models—would remove some of the barriers impeding progress. Continued support for research
on and demonstration of systems analysis methodologies will be important to ensure that
innovation in this field continues. It is particularly important that government institutions such as
the USDA, the Food and Drug Administration, the Environmental Protection Agency, the
Department of Labor, and other relevant federal agencies have the human and analytical capacity
to undertake assessments using the principles of the framework as they consider policies that
have domestic and global consequences.
The committee intends the report to stimulate broad thinking about the consequences of food
system policies and actions beyond a single dimension. The recognition that the U.S. food
system represents a complex, adaptive system set within local, national, and global biophysical
and social/institutional contexts should bring new methodologies to the study of the potential
consequences of new policies, technologies, and configurations. Such analyses may provide
better guidance to decision makers. The description of the food system and its effects has
intentionally been presented from a U.S. perspective, and it omits important interactions and
effects for the rest of the world. However, its application is aimed not only at those attempting to
understand the U.S. food system and its consequences, but also at others outside the United
States who are conducting similar research and making similar decisions about their food
systems.
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Appendix A
Open Session Agendas

The committee held data-gathering sessions that were open to the public in Washington, DC, on
July 16, 2013, September 16-17, 2013, and December 16, 2013. The open-session agendas for
the public meetings and a workshop are presented below:
COMMITTEE ON A FRAMEWORK FOR ASSESSING THE HEALTH,
ENVIRONMENTAL, AND SOCIAL EFFECTS OF THE FOOD SYSTEM
Tuesday, July 16, 2013
The Keck Center, National Academy of Sciences
500 Fifth Street, NW, Room 110
Washington, DC
Open Session
1:00 p.m.

Welcome and Introductions
Malden Nesheim, Committee Chair

1:05 p.m.

Sponsor Perspectives on the Study
Dana Bourland and Barbara Picower, The JPB Foundation

1:30 p.m.

Exploring the True Cost of Food
Helen Jensen, Iowa State University

2:00 p.m.

Overview of the U.S. Food System
August “Gus” Schumacher, Wholesome Wave Foundation

2:30 p.m.

Q&A

3:00 p.m.

Break
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3:15 p.m.

Overview of the Health Effects of the Food System
Robert Lawrence, Johns Hopkins University

3:45 p.m.

Overview of the Environmental Effects of the Food System
David Tilman, University of Minnesota

4:15 p.m.

Overview of the Social Effects of the Food System
Cornelia Flora, Iowa State University

4:45 p.m.

Q&A

5:15 p.m.

Public Comments

5:35 pm

Closing Remarks

5:45 pm

Adjourn Open Session
MAPPING THE FOOD SYSTEM AND ITS EFFECTS: A WORKSHOP
September 16-17, 2013
The Keck Center, National Academy of Sciences
500 Fifth Street, NW, Room 100
Washington, DC
Workshop Goals

1. Describe the components of the food system and their relationships.
2. Explore a broad range of key environmental, socioeconomic, and health effects.
3. Describe current efforts to identify indicators and develop frameworks that take into
consideration environmental, socioeconomic, and health effects of the food system.

Monday, September 16, 2013
12:30 p.m.

Registration

1:30 p.m.

Welcome and Introductory Remarks
Malden Nesheim, Committee Chair
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Session 1 – Defining the U.S. Food System

1:40 p.m.

Introduction
Moderator: Kate Clancy, Committee Member

1:45 p.m.

The U.S. Food System from the Perspective of Fruit and Vegetable Producers
Tom Stenzel, United Fresh Produce Association

2:15 p.m.

The U.S. Food System from a Manufacturer’s Perspective
Joan Menke Schaenzer, ConAgra Foods

2:45 p.m.

Break

3:00 p.m.

Broad Overview of the U.S. Food System
Catherine Woteki, U.S. Department of Agriculture

3:30 p.m.

The U.S. Role in a Global Food System
K. Scott Portnoy, Cargill Inc.

3:50 p.m.

Discussion with Session 1 Speakers
Session 2 – Environmental Effects of the Food System

4:15 p.m.

Introduction
Moderator: Scott Swinton, Committee Member

4:20 p.m.

Global Challenges to Food Security and the Environment
Jonathan Foley, University of Minnesota

4:40 p.m.

Methods to Measure and Value Ecosystem Services and Trade-offs
Jim Boyd, Resources for the Future

5:00 p.m.

Economic Determinants of Agricultural Land Use in the Long Run
Tom Hertel, Purdue University

5:20 p.m.

Modeling the Bio-Geochemistry of Nutrient Flow into Ground and Surface
Waters and Air from Various Agro-Ecosystems
R. Cesar Izaurralde, PNNL and University of Maryland

5:40 p.m.

Discussion with Session 2 Speakers

6:15 p.m.

Adjourn
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MAPPING THE FOOD SYSTEM AND ITS EFFECTS: A WORKSHOP
September 16-17, 2013
The Keck Center, National Academy of Sciences
500 Fifth Street, NW, Room 100
Washington, DC
Tuesday, September 17, 2013
8:00 a.m.

Registration

8:30 a.m.

Welcome and Recap of Day 1
Malden Nesheim, Committee Chair
Session 3 – Socioeconomic Effects of the Food System

8:40 a.m.

Introduction
Moderator: Robbin Johnson, Committee Member

8:45 a.m.

Agriculture, Trade, and Rural Development
Robert Thompson, Johns Hopkins University

9:05 a.m.

Market Responses to Sustainability in U.S. Agricultural and Food Policies
and Practices
Bruce Babcock, Iowa State University

9:25 a.m.

Discussion with Session 3 Speakers

9:45 a.m.

Break
Session 4 – Health Effects of the Food System

10:00 a.m.

Introduction
Moderator: Keshia Pollack, Committee Member

10:05 a.m.

Consumer Preferences and Marketing as Drivers of the Food Supply
David Just, Cornell University

10:25 a.m.

Food Access: Prices and the Retail Environment
Parke Wilde, Tufts University

10:45 a.m.

Assessing Food System Effects on Chronic Diseases and Related
Health Inequities
Shiriki Kumanyika, University of Pennsylvania
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11:05 a.m.

Assessing and Managing Health Risks from Chemical Constituents and
Contaminants of Food
Joseph Rodricks, ENVIRON

11:25 a.m.

Networks of Exchanging Antibiotic Resistance in Human-Associated and
Environmental Bacteria
Gautam Dantas, Washington University

11:45 a.m.

Discussion with Session 4 Speakers

12:30 p.m.

Lunch
Session 5 – Use of Frameworks and Sustainability Indicators

1:30 p.m.

Introduction
Moderator: Ross Hammond, Committee Member

1:35 p.m.

Use of a Corporate Framework for Social and Environmental Responsibility
Robert Langert, McDonald’s

1:55 p.m.

Use of a Corporate Framework for Social and Environmental Responsibility
in Contracted Food Service
Helene York, Bon Appetit Management Co.

2:15 p.m.

Use of Standards and Indicators to Monitor Food Systems Sustainability
Molly Anderson, College of the Atlantic

2:35 p.m.

Life Cycle Assessment as a Conceptual and Analytical Framework for
Linking Food Production and Consumption
Martin Heller, University of Michigan

2:55 p.m.

Use of Cost–Benefit Analysis at FDA
Amber Jessup, U.S. Department of Health and Human Services

3:15 p.m.

Use of Cost–Benefit Analysis at EPA
Charles Griffiths, Environmental Protection Agency

3:35 p.m.

Break

3:50 p.m.

Discussion with Session 5 Speakers

4:40 p.m.

Public Comments

5:00 p.m.

Closing Remarks
Malden Nesheim, Committee Chair
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Adjourn
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December 16, 2013
The Keck Center, National Academy of Sciences
500 Fifth Street, NW, Room 201
Washington, DC

Open Session
12:00 p.m.

Food System Workers, United States
Lorann Stallones, Colorado State University

12:45 p.m.

Immigration, Farm Workers, and the Food System
Philip Martin, University of California, Davis

1:30 p.m.

Adjourn
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Appendix B
Selected Metrics, Methodologies, Data, and Models

This appendix includes four tables—one each on metrics, methodologies, data sources, and
models—that provide samples of existing resources for assessing food system effects. All of the
tables have entries pertaining to health, environmental, and social and economic effects. They
are meant to help researchers and assessors understand the availability of resources as they
engage in complex system assessments.
The metrics table (Table B-1) is designed to highlight measures commonly used to gauge key
constructs that might be considered in doing an assessment. Each metric includes the purpose,
the targeted group of persons or things that can be assessed with the measure, and basic
information about how the measure is derived. Some of these metrics are indexes that provide
an indication of several components simultaneously (e.g., the Healthy Eating Index). Other
indicators are direct measurements of a variable.
The methodologies table (Table B-2) provides key study designs, methodologies, and general
models that can be used in complex system analyses or otherwise used to examine the effects of
the food system.
The data sources table (Table B-3) provides a list of some commonly used datasets that can
be used in assessments of food system effects. Some of these are government funded, while
others are proprietary, some are free and others charge a fee, but all are publicly available. For
each data source, the table includes the purpose of the resource, the target population of persons
or things about which inferences can be drawn using the data, and sources of further information.
Some data sources can be used to assess effects in various domains or to describe the food
system itself. For example, food availability data can be considered an economic outcome of the
food system or can be used to describe the nutritional quality of the food supply and to infer the
health status of the population. To avoid duplication, only one entry was included in cases where
a data source has more than one purpose across various domains of effects.
Finally, the models table (Table B-4) includes examples of specific models that have been
used to simulate effects of the food system. There is not a direct correspondence between the
model entries in the Table B-2 (methodologies) and Table B-4 (models), however. The models
described in Table B-2 are broad, while those in Table B-4 are for specific realizations of a
subset of methodologies.
The tables are meant to be illustrative, not comprehensive, and show a selection of the most
common metrics, methodologies, data sources, and models used. Furthermore, it is expected that
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research related to health, environmental, and social and economic effects as well as to the food
system itself will continue to expand, leading to the evolution of these resources and the
development of new ones.
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Indicator of proportion of
population dying from
particular cause or all causes
The total concentration of
cholesterol present in blood,
including low-density
lipoprotein, high-density
lipoprotein, and very-lowdensity lipoprotein;
sometimes used as a

Mortality rate

Cholesterol

General population

General population

General population

Number of cases of
disease in the population
at a given time;
# of persons in the
population at same time
# of new cases of disease
in the population during a
given period of time;
# of persons at risk of
developing the disease
during same time
Total # of deaths from
particular cause (or all
causes)
Number of persons in the
population at mid-year
Total amount of
cholesterol (mg)
dL of blood

Mass (kg)
Height (m)2

How Measured
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Indicator of the number of
new cases of a disease that
occur during a given period
of time

Incidence of
disease

General population

General population

Indicator of appropriateness
of weight for height; used to
define and screen for
overweight and obesity

Indicator of the number of
affected persons at a given
time

Target Population

Purpose

Prevalence of
disease

Metric
HEALTH
EFFECTS
Body mass index

B-3

http://wwwn.cdc.gov/nchs/nhanes/20
11-2012/TCHOL_G.htm

Gordis, L. 1996. Epidemiology.
Philadelphia, PA: W.B. Saunders.

Gordis, L. 1996. Epidemiology.
Philadelphia, PA: W.B. Saunders.

Gordis, L. 1996. Epidemiology.
Philadelphia, PA: W.B. Saunders.

http://www.cdc.gov/healthyweight/as
sessing/bmi/
http://nccor.org/projects/catalogue/ind
ex.php.
http://nccor.org/projects/measures/ind
ex.php.

For Further Information
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Measure national trends in
outbreaks from year to year
based on FoodNet database
(see Table B-3)

FoodNet

General population

• Individuals
• Foods available
in markets or
outlets
• Menus
• National food
supply

General population,
especially women
of childbearing age

Target Population
Total amount of mercury
(elemental, inorganic, and
organic) (ng)/
mL of blood
Weighted score based on
amounts of fruits; whole
fruits; vegetables; greens
and beans; whole grains;
dairy; protein foods;
seafood and plant proteins;
refined grains; sodium;
and empty calories per
1000 kcal, and the amount
of poly- plus monounsaturated fatty acids per
amount of saturated fatty
acids
Estimate of the burden of
illness for the most
common or the most
severe foodborne illness
etiological agents, based
on FoodNet outbreak
database corrected for
various factors, including
rate of visiting the hospital
when individuals suffer
from diarrheal disease,
how often specimens are
collected in an attempt to
identify the etiological
agent involved, and
specific tests that are run

How Measured
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Measure of diet quality that
assesses conformance to
federal dietary guidance

Purpose
screening test for heart
disease
An indicator of mercury
exposure from all sources

Healthy Eating
Index

Blood mercury

Metric
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http://www.cdc.gov/foodborneburden
/trends-in-foodborne-illness.html

http://www.cnpp.usda.gov/Publicatio
ns/HEI/HEI2010/CNPPFactSheetNo2.pdf

http://www.cnpp.usda.gov/HealthyEat
ingIndex.htm

http://www.cdc.gov/nchs/nhanes/nhan
es2007-2008/pbcd_e.htm

For Further Information
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Purpose

Provides information on the
potential of the soil to erode
based on physical and
chemical properties of the soil
and climatic conditions
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Aggregate farm
sector

• Farmers
• Resource
managers

Local conditions for
a variety of target
populations

Farmers

Target Population

Index values are assigned
to the various inputs and
outputs associated with
farm production; indexes

The index works with an
overlay of soil, crop, and
irrigation information;
based on the three
components, an overall
potential hazard number is
assigned and management
practices are suggested
where necessary
AQI is calculated using
five major air pollutants
regulated by the Clean Air
Act: ground-level ozone,
particle pollution (also
known as particulate
matter), carbon monoxide,
sulfur dioxide, and
nitrogen dioxide
Combines the effects of
slope and soil type, rainfall
intensity, and land use

How Measured
on samples provided
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SOCIAL AND
ECONOMIC EFFECTS
Income, Wealth, Equity
Gross sectoral
Assess the productivity of the
output and factor
use of different factors (labor,
productivity
capital, land, etc.) in
producing food

Erodibility Index

ENVIRONMENTAL
EFFECTS
Provide information for
Nitrate
farmers to voluntarily target
Groundwater
resources for management
Pollution Hazard
practices yielding the greatest
Index
level of reduced nitrogen
contamination potential for
groundwater by identifying
the fields with the greatest
risk
Air Quality Index Index for reporting daily air
quality

Metric

APPENDIX B

http://www.ers.usda.gov/dataproducts/agricultural-productivity-inthe-us.aspx

http://www.nrcs.usda.gov/wps/portal/
nrcs/detail/national/technical/?cid=ste
lprdb1041925

http://www.airnow.gov/index.cfm?act
ion=topics.about_airnow

http://ciwr.ucanr.edu/Tools/Nitrogen_
Hazard_Index

For Further Information
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Determine levels and
conditions of employment
across different segments of
food supply chain
Track changes in wages and
poverty among workers in

Employment in
food system
industries

Workers in food
supply chain sectors

Mean wages, weeks of
employment, and

Indicators of employment
level by sector

Indicators of average
income and wealth
position, distribution of
farm households by
income class

Farm operator
households

Food supply chain
sector

Four-Firm Index
Gini Coefficient

Farm producers,
food processors,
manufacturers,
distributors, and
retailers

How Measured
allow comparisons across
disparate types of inputs
and commodities and
across time
Major food industry Estimated profit margins
firms
for top U.S. companies

Target Population
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Document trends in the
income and wealth position of
farm operator households

Average net farm
income

Worker
compensation;

Track changes in the
concentration of production
and ownership in different
food supply chain sectors

Assess the economic
performance of key industrial
actors in food supply chain

Sector
profitability

Industry structure
(concentration)

Purpose

Metric
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http://www.bls.gov/cps
http://www.bls.gov/bls/blswage.htm

http://ers.usda.gov/dataproducts/arms-farm-financial-andcrop-production-practices.aspx
http://www.bls.gov/bls/employment.h
tm

http://www.ers.usda.gov/topics/farmeconomy/farm-household-wellbeing.aspx

http://www.foodcircles.missouri.edu/c
onsol.htm
http://www.ers.usda.gov/dataproducts/farm-income-and-wealthstatistics.aspx

http://money.cnn.com/magazines/fort
une/fortune500/2009/performers/indu
stries/profits
http://www.ers.usda.gov/topics/farmeconomy/farm-structure-andorganization/research-on-farmstructure-and-organization.aspx

http://pages.stern.nyu.edu/~adamodar/
New_Home_Page/datafile/margin.ht
ml

For Further Information
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Levels of unionization and
citizenship status of

Examine social status and
organization of workers in

Economic power
(citizenship status

Food system
industry sectors

Mean wages, hours of
work, access to benefits,
duration of employment

Workers in different
food supply chain
sectors

Examine quality of working
conditions, pay and benefits
for workers in different
segments of food supply
chain

Working
conditions (hours,
safety, stability,
housing, access to
benefits,
opportunity for
career mobility)

How Measured
household poverty rates
for workers in different
sectors

Levels of debt, presence of
formal production, or
marketing contracts

Target Population

Farm operator
households

Purpose
different segments of food
supply chain

Track trends in economic
relationships that affect
independence of farm
operators

Quality Of Life
Farm operator
managerial control
(contracting, debt:
asset ratio)

Metric
average and
median household
income; poverty
rate in worker
households

APPENDIX B

http://www.bls.gov/cps/lfcharacteristi
cs.htm#tenure
http://www.bls.gov/cps/lfcharacteristi
cs.htm#union

http://www.bls.gov/ncs/ebs/home.htm

http://www.bls.gov/bls/blswage.htm

http://foodchainworkers.org/wpcontent/uploads/2012/06/Hands-ThatFeed-Us-Report.pdf

http://www.ers.usda.gov/topics/farmeconomy/farm-labor.aspx

http://www.ers.usda.gov/topics/farmeconomy/farm-structure-andorganization.aspx
http://www.doleta.gov/agworker/naw
s.cfm

http://www.ers.usda.gov/topics/farmeconomy/farm-sector-incomefinances/assets,-debt,-and-wealth.aspx

http://www.bls.gov/cps/

http://www.bls.gov/opub/ted/2003/jun
/wk5/art04.htm

For Further Information
http://www.bls.gov/cps/earnings.htm#
occind
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Food Availability
Food Costs and
Expenditures
Food costs (prices
and elasticities)
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General population

Private-sector
employers and
employees

General population

Target Population

Measures of the Consumer
Price Index (CPI) as an
indicator of changes in
retail food prices, food
expenditures, the food
dollar series, which
measures annual
expenditures by U.S.
consumers; and price
spreads, which compare
the prices paid by
consumers for food with
the prices received by
farmers for their
corresponding

Provides injury and illness
counts and rates by
employer and employee
characteristics

Data are stratified by
gender or race in order to
identify differences

How Measured
workers by sector
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Measure magnitude of
workplace safety risks

Examine differences in social
and economic effects among
genders and races

Gender and racial
equality

Worker Health
And Safety
Occupational
injury rates (fatal
and non-fatal)

Purpose
different food system
industries

Metric
of workers,
unionization)

A FRAMEWORK FOR ASSESSING THE FOOD SYSTEM

http://www.ers.usda.gov/dataproducts/commodity-and-foodelasticities.aspx#.VACPUWMXNkg

http://www.fapri.iastate.edu/tools/elas
ticity.aspx

http://www.ers.usda.gov/topics/foodmarkets-prices/food-prices,expenditurescosts.aspx#.VACGK2MXNkg

http://www.cdc.gov/niosh/injury

http://www.bls.gov/iif

http://www.cdc.gov/chronicdisease/he
althequity/index.htm

http://www.bls.gov/cps/demographics
.htm#foreignborn
See discipline of topic-specific
readings. For example, for health
disparities see
http://www.nlm.nih.gov/hsrinfo/dispa
rities.html

For Further Information
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Food Security
Household and
individual food
security and
insecurity
Participation in
different nutrition
program
(Supplemental
Nutrition
Assistance
Program [SNAP]
and others)
Food Access
Density of fullservice grocery
stores; fast food
operations

Percentage of
income spent on
food (overall, by
income, job, or
health status)
Percentage of
food expenditures
by food category,
place of
consumption

Metric

APPENDIX B
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http://www.ers.usda.gov/dataproducts/food-access-research-

http://www.ers.usda.gov/dataproducts/food-environmentatlas/about-theatlas.aspx#.VACTF2MXNkg

General population

General population

http://www.ers.usda.gov/topics/foodnutrition-assistance/food-security-inthe-us/definitions-of-foodsecurity.aspx#.VACQB2MXNkg
http://www.ers.usda.gov/topics/foodnutrition-assistance/supplementalnutrition-assistance-program%28snap%29.aspx#.VACQUWMXN
kh

General population

http://www.ers.usda.gov/dataproducts/foodexpenditures.aspx#.VACPk2MXNkg
http://www.bls.gov/cex/2012/combin
ed/quintile.pdf

General population

For Further Information
http://www.ers.usda.gov/dataproducts/foodexpenditures.aspx#.VACPk2MXNkg

How Measured
commodities

General population

Target Population
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Changes in the
number of
healthful food
offerings in food
venues
Sales of organic
and other
sustainably
produced foods

Food Quality
Changes in types
of foods
advertised

Availability of
farmers’ markets

SNAP redemption
at supermarkets

Metric
General population

Target Population

How Measured
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https://www.ota.com/bookstore/14.ht

http://www.ers.usda.gov/publications/
eib-economic-informationbulletin/eib58.aspx#.U63LyqhGyTY

http://kff.org/other/food-for-thoughttelevision-food-advertising-to

http://www.nielsen.com/content/corp
orate/us/en.html

http://www.ers.usda.gov/dataproducts/food-environmentatlas/about-theatlas.aspx#.VACTF2MXNkg

Castner, L., and J. Henke. 2011.
Benefit redemption patterns in the
Supplemental Nutrition Assistance
Program. Alexandria, VA: U.S.
Department of Agriculture, Food and
Nutrition Service, Office of Research
and Analysis.

For Further Information
atlas/.aspx
http://www.ers.usda.gov/topics/foodnutrition-assistance/food-nutritionassistanceresearch.aspx#.VACQ2mMXNkg
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Percentage of
people who cook

Time spent on
food preparation
Daily energy
intake from homeprepared foods

Sales of locally
produced foods

Metric

APPENDIX B
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General population

General population

Target Population

How Measured
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Purpose

http://www.ers.usda.gov/dataproducts/foodexpenditures.aspx#.VADWFGMXNk
g
http://www.bls.gov/tus/atusfaqs.htm#
1

http://www.nationalsustainablesales.c
om/research-library
http://www.usda.gov/wps/portal/usda/
knowyourfarmer?navid=KNOWYOU
RFARMER
http://www.bls.gov/tus/atusfaqs.htm#
1
http://www.ers.usda.gov/topics/foodchoices-health/food-consumptiondemand/food-away-fromhome.aspx#.VADUsWMXNkg
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Study design that involves comparing
two groups of people, those with the
disease or condition under study
(cases) and a very similar group of
people who do not have the disease or
condition (controls)

Standardized methodology for
evaluating how likely it is that human
health will be impacted by pathogenic
microorganisms in foods and water

Case-control
studies

Microbial risk
assessment for
food and water

Appel, L. J., T. J. Moore, E. Obarzanek, W.
M. Vollmer, L. P. Svetkey, F. M. Sacks, G. A.
Bray, T. M. Vogt, J. A. Cutler, M. M.
Windhauser, P. H. Lin, and N. Karanja. 1997.
A clinical trial of the effects of dietary
patterns on blood pressure. Dash collaborative
research group. New England Journal of
Medicine 336(16):1117-1124.
Oh, K., F. B. Hu, J. E. Manson, M. J.
Stampfer, and W. C. Willett. 2005. Dietary fat
intake and risk of coronary heart disease in
women: 20 years of follow-up of the Nurses’
Health Study. American Journal of
Epidemiology 161(7):672-679.
Dahm, C. C., R. H. Keogh, E. A. Spencer, D.
C. Greenwood, T. J. Key, I. S. Fentiman, M.
J. Shipley, E. J. Brunner, J. E. Cade, V. J.
Burley, G. Mishra, A. M. Stephen, D. Kuh, I.
R. White, R. Luben, M. A. Lentjes, K. T.
Khaw, and S. A. Rodwell Bingham. 2010.
Dietary fiber and colorectal cancer risk: A
nested case-control study using food diaries.
Journal of the National Cancer Institute
102(9):614-626.
Akingbade, D., N. Bauer, S. Dennis, D.
Gallagher, K. Hoelzer, J. Kause, R. Pouillot,
M. Silverman, and J. Tang. 2013. Draft
interagency risk assessment—Listeria
monocytogenes in retail delicatessens
technical report. Washington, DC: U.S.
Department of Agriculture Food Safety and

Application (scientific paper where method
has been used)
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Study design in which exposures of
interest are assessed at baseline in a
group (cohort) of people, and health
outcomes occurring over time are
then related to baseline exposures

Study design that involves examining
narrowly defined questions in the
biomedical or behavioral fields, using
an experimental design, with as much
control over bias as possible

Description

Cohort studies

HEALTH
EFFECTS
Clinical trials

Name

http://www.who.int/foodsafety/micro/je
mra/en
http://www.cdc.gov/foodsafety/microbial
-risk-assessment.html

Gordis, L 1996. Epidemiology.
Philadelphia, PA: W.B. Saunders.

Gordis, L 1996. Epidemiology.
Philadelphia, PA: W.B. Saunders.

Gordis, L 1996. Epidemiology.
Philadelphia, PA: W.B. Saunders.
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Description
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http://www.epa.gov/risk

http://www.epa.ie/monitoringassessment/
assessment/eia/#.Uz1ItFc9DK0

http://www.healthimpactproject.org/hia/us/red
-dog-mine-extension-aqqaluk-project-finalsupplemental-environmental-impactstatement

http://www.healthimpactproject.org

http://www.who.int/foodsafety/chem/en

For Further Information
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Solomon, K. R., J. P. Giesy, T. W. LaPoint, J.
M. Giddings, and R. P. Richards. 2013.
Ecological risk assessment of atrazine in
North American surface waters.
Environmental Toxicology and Chemistry
32(1):10-11.

Application (scientific paper where method
has been used)
Inspection Service
Food and Agriculture Organization. 2014.
Residue evaluation of certain veterinary
drugs. FAO JECFA Monographs 15. Rome,
Italy: FAO.
Health Impact Project. 2013. Health impact
assessment of proposed changes to the
Supplemental Nutrition Assistance Program.
Washington, DC: The Pew Charitable Trusts
and Robert Wood Johnson Foundation.
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Standardized methodology for
evaluating how likely it is that human
health will be impacted by chemical
additives and contaminants in foods
Health Impact
Systematic process that uses an array
Assessment
of data sources and analytic methods
and considers input from stakeholders
to determine the potential effects of a
proposed policy, plan, program, or
project on the health of a population
and the distribution of those effects
within the population; provides
recommendations on monitoring and
managing those effects
ENVIRONMENTAL
EFFECTS
Ecological Risk Standardized process for evaluating
Assessment
how likely it is that the environment
may be impacted as a result of
exposure to environmental stressors
such as chemicals, land change,
disease, invasive species, and climate
change
A detailed analysis that serves to
Environmental
ensure that the policies and goals
Assessment/
defined in the National
Environmental
Environmental Policy Act (NEPA) of
Impact
1969 (see 40 CFR Part 6) are
Statement
addressed; NEPA requires federal
agencies and others using federal
funds or assets to assess the

Chemical risk
assessment for
food and water

Name

APPENDIX B
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environmental impacts of major
federal projects or decisions such as
issuing permits, spending federal
money, or affecting federal lands
Methodology to assess environmental
impacts associated with a product’s
life from raw material to
consumption, including waste
disposal or recycling

Description
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http://evans.uw.edu/centersprojects/bcac/benefit-cost-analysis-center
Roberts, T., J. C. Buzby, and M. Ollinger.
1996. Using benefit and cost information to
evaluate a food safety regulation: HACCP for
meat and poultry. American Journal of
Agricultural Economics 78(5):1297-1301.

Boardman, A.E., D.H. Greenberg, A.R.
Vining, and D.L. Weimer. 2011. Costbenefit analysis: Concepts and practice,

http://www.nmfs.noaa.gov/sfa/reg_svcs/s
ocial_impact_assess.htm

Hendrickson, C. T., L. B. Lave, and H. S.
Matthews. 2006. Environmental life
cycle assessment of goods and services:
An input–output approach. Washington,
DC: Resources for the Future Press
http://water.epa.gov/scitech/monitoring/r
sl/bioassessment

http://www.eiolca.net/Method/LCA_Pri
mer.html

For Further Information

Mahmoudi, H., O. Renn, F. Vanclay, V.
Hoffmann, and E. Karami. 2013. A
framework for combining social impact
assessment and risk assessment.
Environmental Impact Assessment Review
43:1-8.

Jack, J., R. H. Kelley, and D. Stiles. 2006.
Using stream bioassessment protocols to
monitor impacts of a confined swine
operation. Journal of the American Water
Resources Association 42(3):747-753.

Heller, M. C., and G. A. Keoleian. 2011. Life
cycle energy and greenhouse gas analysis of a
large-scale vertically integrated organic dairy
in the united states. Environmental Science
and Technology 45(5):1903-1910.

Application (scientific paper where method
has been used)
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Practical technical reference for
Rapid
conducting cost-effective biological
Bioassessment
assessments of lotic systems
Protocols for
Use in Streams
and Wadeable
Rivers
SOCIAL AND
ECONOMIC EFFECTS
Social Impact
Processes of analyzing, monitoring,
Assessment
and managing the intended and
unintended social consequences, both
positive and negative, of planned
interventions and any social change
processes invoked by those
interventions; primarily used outside
of the United States
Benefit–cost
Method to calculate a monetary
analysis
measure of the aggregate change in
individual well-being resulting from a
project or a policy decision

Life cycle
assessment

Name
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Method for measuring economic
welfare changes due to market price
and quantity feedbacks in response to
changes in policy, technology, or
another exogenous variable (e.g.,
climate)
Index of the economic factors that
contribute to growth in productivity
(e.g., of agriculture)

Computable
General
Equilibrium

Copyright © National Academy of Sciences. All rights reserved.

Methods for simulating the actions
and interactions of individuals,
organizations, and groups to assess

Agent-based
modeling

See Table B-4 on Specific Models

Champ, P. A., K. J. Boyle, and T. C. Brown.
2003. A primer on nonmarket valuation.
Dordrecht, The Netherlands: Kluwer
Academic Publishers.

Hertel, T. W., A. A. Golub, A. D. Jones, M.
O’Hare, R. J. Plevin, and D. M. Kammen.
2010. Effects of US maize ethanol on global
land use and greenhouse gas emissions:
Estimating market-mediated responses.
BioScience 60(3):223-231.
Ball, V. E., C. A. K. Lovell, H. Luu, and R.
Nehring. 2004. Incorporating environmental
impacts in the measurement of agricultural
productivity growth. Journal of Agricultural
and Resource Economics 29(3):436-460.

Sacks, G., J. L. Veerman, M. Moodie, and B.
Swinburn. 2011. ‘Traffic-light’ nutrition
labelling and ‘junk-food’ tax: A modelled
comparison of cost-effectiveness for obesity
prevention. International Journal of Obesity
35(7):1001-1009.

Application (scientific paper where method
has been used)
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Method for placing monetary values
on changes in levels of goods and
services that lack markets, including
health and environmental effects

Non-market
valuation

Total Factor
Productivity
Analysis

Methodology to compare the relative
costs and outcomes (effects) from a
project or a policy decision; costeffectiveness analysis is distinct from
benefit–cost analysis, which assigns a
monetary value to the measure of
effect

Description

Costeffectiveness
analysis

Name

APPENDIX B

http://www2.econ.iastate.edu/tesfatsi/ab
mread.htm

http://www.ers.usda.gov/dataproducts/agricultural-productivity-in-theus/findings,-documentation,-andmethods.aspx#.U1qm5aIeCdc

Gold, M. R., J. E. Siegel, L.B. Russell,
and M. C. Weinstein. 1996. Costeffectiveness in health and medicine.
New York: Oxford University Press.
http://www.iadb.org/en/topics/trade/unde
rstanding-a-computable-generalequilibrium-model,1283.html

4th ed. Upper Saddle River, NJ: PrenticeHall.
Drummond, M. F., M. J. Sculpher, G. W.
Torrance, B. J. O’Brien, and G. L.
Stoddart. 2005. Methods for the
economic evaluation of health care
programmes. Oxford, UK: Oxford
University Press.
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their affects on the whole system

Description

Application (scientific paper where method
has been used)

Epstein, J. M. 2006. Generative social
science. Princeton, NJ: Princeton
University Press.
Sterman, J. M. 2000. Business dynamics:
Systems thinking for a complex world.
Boston, MA: Irwin/McGraw-Hill.

For Further Information
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Systems
dynamics
modeling
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Sterman, J. M. 2006. Learning from evidence
Methods for simulating key dynamic
in a complex world. American Journal of
stocks and flows, and key feedback
cycles in operation within a system, to Public Health 96(3):505-514.
provide quantitative estimates of the
potential system response to changes
To study the food demand response to Huang, K. S., and R. C. Haidacher. 1983.
Food demand
Estimation of a composite food demand
prices, total expenditures, and other
analysis/time
system for the United States. Journal of
economic factors time series models
series
where aggregate food consumption in Business & Economic Statistics 1(4):285-291.
a nation (or market area) is regressed
on aggregate prices and income to
determine price, cross price and
income elasticities of demand for a
country
Okrent, A., and J. M. Alston. 2012. The
Food consumption by individual
Food demand
household units is regressed on
analysis/crossdemand for disaggregated food-away-fromprices, income, and household
sectional
home and food-at-home products in the
United States. Economic Research Report No.
characteristics to determine how
analysis
(ERR-139). Washington, DC: U.S.
demand varies by household
Department of Agriculture, Economic
characteristics; it allows for the
Research Service.
incorporation of behavior and
household environmental
characteristics in the analysis
NOTE: Additional resources:
National Collaborative on Childhood Obesity’s Catalogue of Surveillance Systems: http://nccor.org/projects/catalogue/index.php.
National Collaborative on Childhood Obesity’s Measures Registry: http://nccor.org/projects/measures/index.php.

Name
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Convert foods and beverages
to U.S. Department of
Agriculture (USDA) Food

Food Patterns
Equivalents
Database

Individuals in all 50 states,
New York City, the District
of Columbia, Puerto Rico, the
U.S. Virgin Islands, Guam,
American Samoa, and the
Northern Mariana Islands
Foods reported on the 24hour recalls in What We Eat
in America portion of the

• Total fruit (cup equivalents)
• Total vegetables (cup

• Demographics
• Awareness of relationship
between diet and specific
diseases
• Degree to which respondent
makes household grocery
purchasing decisions
• Use of food labels
• Knowledge of diet issues
• Date of birth
• Age at death
• Race/ethnicity/sex
• Cause of death

• Complete physical exam,
including measured height and
weight
• Self-reported dietary intake
• Demographics
• Demographics
• Food security
• Fruit and vegetable
consumption
• Quality of life

Key Assessments
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Collect data about births and
deaths for individuals in the
United States

Adults living in households in
all 50 states, the District of
Columbia, Puerto Rico, the
U.S. Virgin Islands, and
Guam.

Collect state-specific data
about preventive health
practices and risk behaviors
linked to chronic disease,
injuries, and preventable
infectious disease for adults in
the United States
Collect data about awareness,
attitudes, and practices related
to health and diet issues
among consumers in the
United States
Civilian, non-institutionalized
adults ages 18 and older in 50
states and the District of
Columbia

Civilian, non-institutionalized
individuals in the U.S.; all
ages

Target Population

Collect data about the health,
nutritional status, and health
behaviors of individuals in the
United States

Purpose

National
Vital
Statistics
System

Health and
Diet Survey

HEALTH
EFFECTS
National
Health and
Nutrition
Examination
Survey
Behavioral
Risk Factor
Surveillance
System

B-17

http://www.ars.usda.gov/Servic
es/docs.htm?docid=23871

http://www.cdc.gov/nchs/nvss.
htm

http://www.fda.gov/Food/Food
ScienceResearch/ConsumerBe
haviorResearch/default.htm

http://www.cdc.gov/BRFSS/

http://www.cdc.gov/nchs/nhane
s.htm

For Further Information
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10 sentinel sites (Connecticut,
Georgia, Maryland,
Minnesota, New Mexico,
Oregon, Tennessee, and
certain counties in California,
Colorado, and New York),
FDA and USDA-FSIS; the
information collected is used
to estimate the burden of
illness caused by the specific
agent; breaks down estimates
by age category and regions
Outbreaks reported by state,
local, and territorial public
health departments through a
web-based program, the
National Outbreak Reporting
System

General population

General population

Outbreak data from active
surveillance in 10 sentinel
sites across the United States

Provide access to national
information on reported
foodborne illness outbreak
data

Estimate the most common
food sources for specific
foodborne illnesses

Site contains formal microbial
and chemical risk assessments

Foodborne
Diseases
Active
Surveillance
Network

Foodborne
Outbreak
Online
Database

Estimates of
Foodborne
Illness
Attribution
Risk and
Safety

• Etiology; location of
consumption; total ill,
hospitalized, and deaths; food
vehicle and contaminated
vehicle where available
• Insight into the types of foods
involved in outbreaks
• Provides some information on
factors contributing to illness
• Etiology, illnesses and deaths
• Breakdown by specific food
categories

Tracks foodborne illness from the
most common agents:
Campylobacter, Listeria,
Salmonella, Shiga toxin-producing
Escherichia coli, Shigella, Vibrio
and Yersinia, and the parasites
Cryptosporidium and Cyclospora

•
•
•

•
•

Key Assessments
equivalents)
Whole grains (oz equivalents)
Total protein foods (oz
equivalents)
Dairy (cup equivalents)
Added sugars (teaspoons)
Solid fats (gram equivalents)
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Target Population
National Health and Nutrition
Examination Survey
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Purpose
Patterns components in order
to characterize many kinds of
foods and beverages reported
in surveys and other types of
studies into components that
are relevant to dietary analysis
and guidance.
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http://www.fda.gov/Food/Food
ScienceResearch/RiskSafetyAs

http://www.cdc.gov/foodborne
burden/attribution/index.html

http://wwwn.cdc.gov/foodborn
eoutbreaks

http://www.cdc.gov/foodnet/da
ta/trends/index.html
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Ongoing market-based study
to collect data on levels of
contaminants and nutrients in
foods
Information about pesticides

Monitor changes in
susceptibility of select bacteria
to antimicrobial agents of
human and veterinary
importance
Collect pesticide residue data

Purpose
conducted for foods

Copyright © National Academy of Sciences. All rights reserved.

Air Quality
System

Pesticide residues

Meat, poultry, and egg
products
280 core foods in retail stores

• Water flow and levels in
streams and lakes
• Water level in wells
• Chemical and physical data for
streams, lakes, wells, and other
sites
• Water use
• Current and historical waterquality data and summary
statistics
• Data include lead, ozone,
particulate matter and fine
particulate matter, sulfur
dioxide, oxides of nitrogen (NO,

Water-resources data
collected at approximately 1.5
million sites in all 50 U.S.
states, the District of
Columbia, Puerto Rico, the
U.S. Virgin Islands, Guam,
American Samoa, and the
Commonwealth of the
Northern Mariana Islands
Data collected by
Environmental Protection
Agency and state, local, and
tribal air pollution control

Toxicity, use patterns, and
registration status

Pesticides

Contaminants in foods (e.g.,
acrylamide and perchlorate)

Antimicrobial resistance

Key Assessments

Foodborne isolates collected
from humans, animals, and
retail meats

Target Population

PREPUBLICATION COPY: UNCORRECTED PROOFS

Repository of ambient air
quality data

Registration
and chemicalspecific
information
ENVIRONMENTAL
EFFECTS
Collect the occurrence,
National
quantity, quality, distribution,
Water
and movement of surface and
Information
groundwater; analyzes the
System
chemical, physical, and
biological properties of water,
sediment, and tissue samples
from across the United States

Assessments
for Food
National
Antimicrobial
Resistance
Monitoring
System
Pesticide
Data Program
Total Diet
Study

APPENDIX B

http://www.epa.gov/ttn/airs/airs
aqs

http://waterdata.usgs.gov/nwis
http://water.usgs.gov/owq/data.
html

http://www.epa.gov/pesticides/
food/risks.htm

http://www.ams.usda.gov/AMS
v1.0/PDP
http://www.fda.gov/food/foods
cienceresearch/totaldietstudy/d
efault.htm

http://www.cdc.gov/narms/

For Further Information
sessment/default.htm
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Provide a gateway to available
geospatial environmental and
natural resources data

Collect data about cropspecific and non-agricultural
land cover in the United States

Geospatial
Data
Gateway

CropScape

Farms within the contiguous
continental United States

National survey of
agricultural producers that
provides observations of
field-level farm practices, the
economics of the farm
businesses, and the
characteristics of farm
operators
Provides geospatial data
produced or financed by
USDA Service Center
Agencies to any user; data
outside these parameters is
only available to USDA
personnel

Target Population
agencies in the United States
from over 10,000 monitors,
5,000 of which are currently
active
Toxicity data derived
predominately from the peerreviewed literature, for
aquatic life, terrestrial plants,
and terrestrial wildlife

• Precipitation
• Temperature
• Elevation
• Land use cover
• Hydrologic units
• Soils
• Topography
• Crop acreage
• Crop type
• Latitude/longitude, county,
district, state

• Lethal, sublethal, and residue
effects of chemicals on aquatic
species, including plants and
animals as well as freshwater
and saltwater species
• Toxicity information for use in
characterizing, diagnosing, and
predicting effects associated
with chemical stressors and to
support the development of
ecocriteria and thresholds for
natural resource use
Data on nutrient use, pesticide use,
conservation practices, pest
management practices, irrigation
technology and water use, etc., for
select crops and U.S. states

Key Assessments
NO2, NOx, NOy), volatile
organic compounds

A FRAMEWORK FOR ASSESSING THE FOOD SYSTEM
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Collect information on the
financial condition, production
practices, and resource use of
America’s farm businesses
and rural households

Provide single-chemical
toxicity information for
aquatic life, terrestrial plants,
and wildlife

Purpose

Farm
Financial and
Crop
Production
Practices

ECOTOX
Database

B-20

http://nassgeodata.gmu.edu/Cro
pScape

http://datagateway.nrcs.usda.go
v

http://www.ers.usda.gov/dataproducts/arms-farm-financialand-crop-production-practices

http://cfpub.epa.gov/ecotox

For Further Information

A Framework for Assessing Effects of the Food System

Collect data about pesticide
residues in food commodities
and drinking water in the
United States

Purpose
Collect data about the
production, economics, and
demographics of agriculture
and its environment in the
United States

Copyright © National Academy of Sciences. All rights reserved.

Households and families
(referred to as “consumer
units”)

More than 105 different
commodities, including fresh
and processed fruits and
vegetables, meat and poultry,
grains, specialty products,
bottled water, municipal
drinking water, and private
and school/childcare facility
well water.
Reliable, transparent, and upto-date database for
environmental assessments,
including more than 200
datasets within 10 categories.

Target Population
Agricultural statistics in 50
U.S. states and the District of
Columbia

• Expenditures on specific types
of foods purchased for home
consumption and consumed
away from home
• Demographics

• Compliant with ecoinvent’s
quality guidelines
• Compatible and coherent with
existing software and databases,
e.g., SimaPro, GaBi, Quantis

•
•
•
•
•
•
•
•
•
•

•
•

•

•

Key Assessments
Acreage, yield, stock in storage,
and volume production
Commodity sales volume and
price
Commodity use
Commodity-based products
production
Chemical usage
Prices paid by producers
Prices received by producers
Farm production expenditures
Pesticide and compound class
Collection facility type
Commodity
Commodity type and origin
Residue level
State, Census region
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Provide reliable and up-to-date
Quantis
data for more accurate food
World Food
and beverage LCAs, decisions,
life cycle
and communication. (Private,
assessments
proprietary data.)
(LCAs)
database
SOCIAL AND
ECONOMIC EFFECTS
Consumer
Collect data about buying
Expenditure
habits (e.g., food
Survey
expenditures), income, and
other characteristics of
households in the United

Pesticide
Data Program

Annual
Agricultural
Statistics

APPENDIX B

http://www.bls.gov/cex

http://www.quantisintl.com/wfldb

http://www.ams.usda.gov/AMS
v1.0/pdp

For Further Information
http://www.nass.usda.gov/Surv
eys/index.asp
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Census of
Agriculture

Center for
Nutrition
Policy and
Promotion
Food Prices
Database
Agricultural
and food
economic
data

B-22

U.S. agriculture and food

Data about U.S. and foreign
agricultural prices, costs,
inputs, production levels,
incomes, and environmental
effects

Copyright © National Academy of Sciences. All rights reserved.

• Crops
• Farm economy
• Farm practices and
management
• Food and nutrition assistance
• Food choices and health
• Food markets and prices
• Food safety
• International markets and trade
• Natural resources and
environment
• Rural economy
• Demographics such as age,
race/ethnicity, and sex of farm
operators; farm income
• Farm locations (state and
county)
• Farm production
• Farm production practices
• Farm sizes
• Gross annual sales of specific
farm

Key Assessments
• Geocodes
• Inventory of durable goods in
home (e.g., toys/games,
electronic entertainment
equipment, cooking equipment,
exercise equipment)
• Average national prices for
individual foods
• Census region
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Farms, ranches, and their
operators in all 50 states and
territories, including
American Samoa, Puerto
Rico, Commonwealth of the
Northern Mariana Islands,
Guam, and the U.S. Virgin
Islands

Food items that were
purchased by individuals and
families in the 48 contiguous
states and the District of
Columbia

Collect data about estimated
cost of specific food items
consumed in the United States

Collect data about production,
sales, agricultural practices,
and sales practices for farms,
ranches, and the people who
operate them in the United
States and its territories

Target Population

Purpose
States

A FRAMEWORK FOR ASSESSING THE FOOD SYSTEM

http://www.agcensus.usda.gov

http://www.nass.usda.gov/Surv
eys/index.asp

http://www.ers.usda.gov/dataproducts.aspx

http://www.cnpp.usda.gov/usda
foodplanscostoffood.htm

For Further Information

A Framework for Assessing Effects of the Food System

Collect data about types of
businesses in a community in
the United States

Purpose

Copyright © National Academy of Sciences. All rights reserved.

Households

Non-institutionalized, civilian
population younger than age
65 in the United States; the
survey focuses on individuals
residing in households with
incomes below 200 percent of
the federal poverty threshold
Counties in the United States

Businesses and consumers in
the United States and Canada

Target Population

18 items on food situation within
the household, ranging in severity
from worry about running out of
food to adults and children going a
whole day without food because

•
•

•

•

•
•

•
•
•
•

•

•

•
•

•

Key Assessments
Market value of farm products
sold
Marketing practices
Number of organic farms by
state
Types and amounts of specific
commodities produced by farms
Address, latitude and longitude,
neighborhood, ZIP code
Business type and name
Housing type
Home value
Detailed information about
income and income sources for
low-income families with
children
Food security
Detailed information about
various types of food assistance
Community’s access to and
acquisition of healthy,
affordable food
Community’s success in
maintaining healthy diets
Demographics
Natural amenities
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Collect data on demographic,
economic, housing, and other
factors relevant to the wellbeing of children and adults
younger than age 65 residing
in households in the United
States
Food
Assemble statistics on food
Environment environment indicators to
Atlas
stimulate research on the
determinants of food choices
and diet quality, and to
provide a spatial overview of a
community’s ability to access
healthy food and its success in
doing so
Household
Assess food security within a
Food Security household over the past 30
days or past 12 months
Survey
Module

National
Survey of
America’s
Families

InfoUSA

APPENDIX B

http://www.ers.usda.gov/topics/
food-nutrition-assistance/foodsecurity-in-the-us/surveytools.aspx#household

http://www.ers.usda.gov/dataproducts/food-environmentatlas/about-the-atlas.aspx

http://www.urban.org/center/an
f/nsaf.cfm

http://www.infousa.com
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U.S. households in the 48
contiguous states

Food products sold in the
United States

Food consumption and
nutrient intake by food source
and demographic
characteristics

Collect data about ingredient
content and nutrition labels for
packaged food and beverage
products sold in the United
States

Food
consumption
and nutrient
intake

Gladson
Nutrition
Database

Copyright © National Academy of Sciences. All rights reserved.

• Average quarterly prices
(dollars per 100 grams of food)
for several categories of fruits
and vegetables; grains and dairy
products; meats, beans, nuts,
and eggs; and fats/oils,
beverages, and prepared foods
• Geocode linkage: county,
Census region, Census division
• Average daily intake by food
groups
• Density (the amount of food for
each 1,000 calories contained in
an American diet)
• Average daily intakes of fats,
sodium, and cholesterol, but
underconsume calcium, fiber,
and iron
• Mean nutrient intakes are
reported by food source and by
nutrient density
• Product ingredients
• Product nutrition labeling
information
• Product package dimensions
• Product package images

Key Assessments
of lack of financial
resources; three-stage design with
screeners
• Food balance calculations
• Food availability data, adjusted
for loss and spoilage
• Food availability data linked to
nutrient composition data
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U.S. households in the 48
contiguous states

Commodity foods and
nutrients available for
consumption in the United
States

Collect estimated data
regarding foods,
nutrients, and calories
available for consumption for
each individual in the United
States
Provide estimates of average
market-level prices for more
than 50 food groups in the
United States

Food
Availability
(Per Capita)
Data System

Quarterly
Food-atHome Price
Database

Target Population

A FRAMEWORK FOR ASSESSING THE FOOD SYSTEM
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http://www.gladson.com/SERV
ICES/NutritionDatabase/tabid/
89/Default.aspx

http://www.ers.usda.gov/dataproducts/food-consumptionand-nutrient-intakes.aspx

http://www.ers.usda.gov/dataproducts/quarterly-food-athome-price-database.aspx

http://www.ers.usda.gov/dataproducts/food-availability-(percapita)-data-system.aspx

For Further Information

A Framework for Assessing Effects of the Food System

Copyright © National Academy of Sciences. All rights reserved.

Uses multiple data sources
including death certificates,
workers’ compensation reports,
and federal and state agency
administrative reports to collect
information on each workplace

Individuals and subgroups in
a population
All fatal work injuries in the
United States.

Measure of relative difference
in health outcome among
groups

Produce comprehensive,
accurate, and timely annual
counts of occupational injury
fatalities

Relative
difference in
health
disparities
Census of
Fatal
Occupational
Injuries
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Health parameter measured in
group A/Health parameter
measured in group B

Individuals and subgroups in
a population

Measure of absolute difference
in health outcome among
groups

Absolute
difference in
health
disparities

Key Assessments
• Serving size information
(household unit and gram
weight)
• Restaurant name
• Year
• Serving size
• Calories and nutrients
• Menu type (e.g., breakfast,
kids)
• Product name, brand, and
varieties
• UPC Code
• Nutrition facts information
• Product claim
• Ingredients
• Package format, material, and
size
Health parameter measured in
group A/Health parameter
measured in group B

Newly launched consumer
packaged goods from around
the world

Menu items from the largest
chain restaurants in the
United States

Target Population

Collect data about newly
launched consumer packaged
goods in retail markets around
the world.

Collect nutrition data about
menu items in the largest
restaurant chains in the United
States

Purpose

Datamonitor
Product
Launch
Analytics

MenuStat

APPENDIX B

http://www.bls.gov/iif/oshcfoi1
.htm

http://seer.cancer.gov/publicati
ons/disparities2

http://seer.cancer.gov/publicati
ons/disparities2

http://www.productscan.com/

http://menustat.org/about/

For Further Information
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Occupational
Injury
Surveillance
of Production
Agriculture
survey
County
Sprawl Index

Survey of
Occupational
Injuries and
Illnesses

B-26
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Counties in the United States.

A measure of urban sprawl, a
pattern of land use epitomized
by low-density development
around urban areas

Key Assessments
fatality
Includes information about the
case circumstances and worker
characteristics for occupational
injury and illnesses that involve
lost work time, medical treatment
other than first aid, restriction of
work or motion, loss of
consciousness, or transfer to
another job; employers keep
counts of injuries separate from
illnesses
Designed to produce national and
regional estimates of the number
of adults age 20 years and older
working on farms and the number
of occupational injuries that these
workers incur
This updated sprawl index for
2000 and 2010 incorporates four
dimensions of sprawl derived from
17 variables — density, land-use
mix, population or employment
concentrations (“centering”), and
street characteristics; principal
components analysis was used to
extract factors from each of these
dimensions and these were
combined into a single index
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National surveillance system
conducted in 2001, 2004, and
2009

Data on non-fatal workplace
injuries and illnesses from an
annual survey of roughly
250,000 private employers,
state governments, and local
governments

Target Population

Track non-fatal injuries
occurring to adults working in
agriculture

Describe the magnitude of
work-related injury and
illnesses that are recordable,
i.e., require at least one day
away from work to recuperate

Purpose

A FRAMEWORK FOR ASSESSING THE FOOD SYSTEM

http://gis.cancer.gov/tools/urba
n-sprawl

http://www.cdc.gov/niosh/topic
s/aginjury/OISPA/default.html

http://www.bls.gov/iif/oshcase
1.htm
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Predict growth or inactivation of
selected foodborne pathogens
under different conditions,
including temperature, water
activity, pH, and other parameters

Description

Copyright © National Academy of Sciences. All rights reserved.

Visconti, F., J. M. de Paz, J. L. Rubio, and J.
Sanchez. 2012. Comparison of four steady-

Evaluate the effects of agricultural
practices on the movement of
chemicals within and through the
plant root zone
Steady-state computer model to
predict soil water salinity and

GLEAMS
(Groundwater
Loading Effects on
Agricultural
Management
Systems)
WATSUIT (Water
Suitability
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Bosch, D. J., M. L. Wolfe, and K. E.
Knowlton. 2006. Reducing phosphorus runoff
from dairy farms. Journal of Environmental
Quality 35(3):918-927.

Predict wind erosion

Schipanski, M. E., M. Barbercheck, M. R.
Douglas, D. M. Finney, K. Haider, J. P. Kaye,
A. R. Kemanian, D. A. Mortensen, M. R.
Ryan, J. Tooker, and C. White. 2014. A
framework for evaluating ecosystem services
provided by cover crops in agroecosystems.
Agricultural Systems 125:12-22.
Van Donk, S. J., and E. L. Skidmore. 2003.
Measurement and simulation of wind erosion,
roughness degradation and residue
decomposition on an agricultural field. Earth
Surface Processes and Landforms
28(11):1243-1258.

Numerous references available on the website
provided in this table

Application (scientific paper where method
has been used)

WEPS (Wind Erosion
Prediction System)

ENVIRONMENTAL
EFFECTS
Predict rill and interrill erosion in
RUSLE2 (Revised
response to run-off; based on
Universal Soil Loss
climate, soil, topography, and
Equation)
management practices

HEALTH
EFFECTS
PMP (Pathogen
Modeling Program)

Name

B-27

http://www.xuan-wu.com/2012-03-10-

http://www.tifton.uga.edu/sewrl/Gleam
s/gleams_y2k_update.htm

http://www.nrcs.usda.gov/wps/portal/nr
cs/main/national/technical/tools/weps

http://www.ars.usda.gov/Research/docs
.htm?docid=24403

http://www.nrcs.usda.gov/wps/portal/nr
cs/main/national/technical/tools/rusle2

http://pmp.errc.ars.usda.gov/PMPOnlin
e.aspx

For More Information
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Microsoft Windows - based
modeling environment for analysis
of water flow and solute transport
in variably saturated porous media.
Simulate subsurface variably
saturated water flow, solute
transport, root water uptake,
nitrogen uptake, and relative yield
for agricultural applications
Simulate growth of approximately
80 crops using weather data. It
predicts effects of management
decisions on soil, water, nutrient,
and pesticide movements, and their
combined impact on soil loss,
water quality, and crop yields for
areas with homogeneous soils and
management

HYDRUS-1D

ENVIRO-GRO

CENTURY and
DAYCENT models

Gassman, P. W., J. R. Williams, V. W.
Benson, R. C. Izaurralde, L. M. Hauck, C. A.
Jones, J. R. Atwood, J. R. Kiniry, and J. D.
Flowers. 2005. Historical development and
applications of the EPIC and APEX models.
Working paper 05-WP 397. Ames, IA: Center
for Agriculture and Rural Development, Iowa
State University.
Parton, W. J., D. S. Schimel, C. V. Cole, and
D. S. Ojima. 1987. Analysis of factors
controlling soil organic-matter levels in GreatPlains grasslands. Soil Science Society of
America Journal 51(5):1173-1179.

Williams, J. R., C. A. Jones, J. R. Kiniry, and
D. A. Spanel. 1989. The epic crop growthmodel. Transactions of the ASAE 32(2):497511.

Application (scientific paper where method
has been used)
state models of increasing complexity for
assessing the leaching requirement in
agricultural salt-threatened soils. Spanish
Journal of Agricultural Research 10(1):222237.
Shouse, P. J., J. E. Ayars, and J. Simunek.
2011. Simulating root water uptake from a
shallow saline groundwater resource.
Agricultural Water Management 98(5):784790.
Letey, J., and P. Vaughan. 2013. Soil type,
crop and irrigation technique affect nitrogen
leaching to groundwater. California
Agriculture 67(4):231-241.
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CENTURY is a general model of
plant–soil nutrient cycling that is
being used to simulate carbon and
nutrient dynamics for different
types of ecosystems, including
grasslands, agricultural lands,

sodicity under a particular
irrigation water of given
composition and leaching fraction.

Determination
Model)

EPIC
(Environmental
Policy Integrated
Climate)

Description
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Name
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https://www.nrel.colostate.edu/projects/
century5

http://www.nrel.colostate.edu/projects/
daycent

http://epicapex.tamu.edu/epic

http://ciwr.ucanr.edu/Tools/ENVIROGRO

http://www.ars.usda.gov/Services/docs.
htm?docid=8921

Watsuit

For More Information
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forests, and savannas. DAYCENT
is the daily time-step version
Small watershed to river basinscale model to simulate soil
erosion prevention and control,
non-point source pollution control,
and regional management in
watersheds
Life cycle model of greenhouse
gas emissions in the transportation
sector developed to fully evaluate
energy and emission impacts of
advanced vehicle technologies and
new transportation fuels, the fuel
cycle from wells to wheels, and the
vehicle cycle through material
recovery and vehicle disposal need
to be considered
Estimates the materials and energy
resources required for, and the
environmental emissions resulting
from, activities in our economy

Description

Copyright © National Academy of Sciences. All rights reserved.

Hertel, T. W., W. E. Tyner, and D. K. Birur.
2010. The global impacts of biofuel mandates.
Energy Journal 31(1):75-100.

Hendrickson, C. T., L. B. Lave, and H. S.
Matthews. 2006. Environmental life cycle
assessment of goods and service: An input–
output approach. Washington, DC: Resources
for the Future Press.

Wang, M., J. Han, J. B. Dunn, H. Cai, and A.
Elgowainy. 2012. Well-to-wheels energy use
and greenhouse gas emissions of ethanol from
corn, sugarcane and cellulosic biomass for US
use. Environmental Research Letters 7(4):113.

Gassman, P. W., M. R. Reyes, C. H. Green,
and J. G. Arnold. 2007. The soil and water
assessment tool: Historical development,
applications, and future research directions.
Transactions of the ASABE 50(4):1211-1250.

Application (scientific paper where method
has been used)
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SOCIAL AND
ECONOMIC EFFECTS
Global Trade
Multiregion, multisector,
Analysis Project
computable general equilibrium
(GTAP)
model, with perfect competition
and constant returns to scale. The
GTAP-E model estimates
greenhouse gas effects related to
international trade. The focus is on

EIO-LCA (Economic
Input-Output Life
Cycle Assessment)

GREET (Greenhouse
Gases, Regulated
Emissions, and
Energy Use in
Transportation
Model)

SWAT
(Soil and Water
Assessment Tool)

Name

APPENDIX B

https://www.gtap.agecon.purdue.edu/pr
oducts/gtap_book.asp

https://www.gtap.agecon.purdue.edu/ab
out/getting_started.asp

http://www.eiolca.net

https://greet.es.anl.gov/greet/documenta
tion.html

https://greet.es.anl.gov

http://swat.tamu.edu
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FASOM-GHG
(Forestry and
Agricultural Sector
Optimization Model
with Greenhouse
Gases Model)
FAPRI (Food and
Agricultural Policy
Research Institute)

IMPACT Model

Name

B-30
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Meyers, W. H., P. Westhoff, J. F. Fabiosa,
and D. J. Hayes. 2010. The FAPRI global
modeling system and outlook process.
Journal of International Agricultural Trade
and Development 6(1):1-20.

Schneider, U. A., B. A. McCarl, and E.
Schmid. 2007. Agricultural sector analysis on
greenhouse gas mitigation in US agriculture
and forestry. Agricultural Systems 94(2):128140.

Rosegrant, M. W., M. Agcaoili-Sombilla, and
N. D. Perez. 1995. Global Food Projections
to 2020: Implications for Investment. 2020
Discussion Paper No. 5. Washington, DC:
International Food Policy Research Institute.

Application (scientific paper where method
has been used)
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market and environmental effects
of economic growth, policy
changes, and changes in resource
availability.
Computable general equilibrium
model designed to examine
alternative futures for global food
supply, demand, trade, prices, and
food security, along with
bioenergy, climate change, water,
changing diet/food preferences,
and other themes.
Dynamic partial- equilibrium
sectoral model used to simulate
potential future impacts of policies
on land use, GHG fluxes, and
commodity markets within the
agricultural and forestry sectors.
Develops projections for the U.S.
agricultural sector and
international commodity markets
using comprehensive data and
computer modeling systems of the
world agricultural market.

Description
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http://agecon2.tamu.edu/people/faculty/
mccarl-bruce/FASOM.html
http://www.fapri.org

http://www.epa.gov/climatechange/EP
Aactivities/economics/modeling/
peerreview_FASOM.html

http://www.ifpri.org/sites/default/files/p
ublications/impactwater2012.pdf

http://www.ifpri.org/book751/ourwork/program/impact-model
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Appendix C
Acronyms
ACA
AR

Patient Protection and Affordable Care Act
antibiotic resistance

b. lbs
BCA
BLS
BMI

billion pounds
benefit–cost analysis
Bureau of Labor Statistics
body mass index

CAA
CAFO
CDC
CEA
CFSAN
CHD
CO
CPG
CPI
CVD
CWA

Clean Air Act
concentrated animal feeding operation
Centers for Disease Control and Prevention
cost-effectiveness analysis
Center for Food Safety and Applied Nutrition
coronary heart disease
carbon monoxide
consumer product good
Consumer Price Index
cardiovascular disease
Clean Water Act

DGA
DGAC
DNDC
DRI

Dietary Guidelines for Americans
Dietary Guidelines for Americans Committee
Denitrification/Decomposition
Dietary Reference Intake

EIA
EISA
EPA
ERS
EU

environmental impact assessment
Energy Independence and Security Act
Environmental Protection Agency
Economic Research Service
European Union

FAH
FAFH
FAO
FDA
FFV
FIFRA
FSMA

food at home
food away from home
Food and Agriculture Organization
U.S. Food and Drug Administration
flex fuel vehicle
Federal Insecticide, Fungicide and Rodenticide Act
Food Safety Modernization Act

GDP
GE

gross domestic product
genetically engineered
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GFSI
GHG
GMO

global food security index
greenhouse gas
genetically modified organism

HACCP
HIA
H2S

Hazard Analysis Critical Control Points
health impact assessment
hydrogen sulfite

IOM
ISO

Institute of Medicine
International Organization for Standardization

LCA
LEAP

life cycle assessment
Livestock Environmental Assessment and Performance Partnership

MTHFR

methylenetetrahydrofolate reductase

NHANES
NH3
NIOSH
NO2
NORS
NPS
NRC
NRCS

National Health and Nutrition Survey
ammonia
National Institute for Occupational Safety and Health
nitrogen dioxide
National Outbreak Reporting System
non-point source pollution
National Research Council
Natural Resources Conservation Service

O3

ozone

PM
PCBs

particulate matter
polychlorinated biphenyls

QALY

quality-adjusted life year

RCT
RDA
RFS

randomized controlled trial
Recommended Dietary Allowance
Renewable Fuel Standard

SES
SLP
SNAP
SO2
STEC
SWF

socioeconomic status
School Lunch Program
Supplemental Nutrition Assistance Program
sulfur dioxide
Shiga toxin-producing E. coli
social welfare function
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TFP

Thrifty Food Plan

USDA
USGS

U.S. Department of Agriculture
U.S. Geological Survey

VOC

volatile organic compound

WDR
WIC

water discharge requirement
Special Supplemental Nutrition Program for Women, Infants, and
Children
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Appendix D
Committee Member Biographical Sketches

Malden C. Nesheim, Ph.D. (Chair) is provost emeritus and professor of nutrition emeritus at
Cornell University. His previous positions have included director of the Division of Nutritional
Sciences and vice president for planning and budgeting at Cornell University. He has also served
as chair of the Board of Trustees of the Pan American Health and Education Foundation,
President of the American Institute of Nutrition, chair of the National Institutes of Health
Nutrition Study Section, and chair of the National Nutrition Consortium. He also chaired the
1990 U.S. Department of Agriculture (USDA)/Department of Health and Human Services
Dietary Guidelines Advisory Committee and has been on the USDA Board of Scientific
Counselors. Dr. Nesheim has served as an advisor to the Office of Science and Technology
Policy and chaired the Presidential Commission on Dietary Supplement Labels, appointed in
1996-98 to consider regulatory matters relative to marketing dietary supplements. He is a Fellow
of the American Society for Nutritional Sciences and of the American Academy of Arts and
Sciences. Dr. Nesheim is the recipient of numerous awards, including the Conrad A. Elvejhem
Award for Distinguished Service to the Public Through the Science of Nutrition. His research
interests are in human and animal nutrition, and nutritional assessment and nutrition policy. He
has written extensively on animal and human nutrition and agriculture production. His research
has focused on both domestic and international matters. He has contributed to many National
Academy of Sciences (NAS) activities. Dr. Nesheim is a past member of the Institute of
Medicine (IOM) Food and Nutrition Board. He previously served as chair of the IOM
Committee on Nutrient Relationships in Seafood: Selections to Balance Benefits and Risks, and
served as the vice chair and chair of the IOM Committee on International Nutrition Programs. He
was also a member of the Subcommittee on the 10th Edition of the Recommended Dietary
Allowances and an ex-officio member of the U.S. National Committee of the International Union
of Nutritional Sciences. Dr. Nesheim was elected a National Associate of the NAS in 2008. He
received a Ph.D. in Nutrition from Cornell University as well as an M.S. in Animal Nutrition and
a B.S. in Agricultural Science.
Kate Clancy, Ph.D., is currently a food systems consultant, visiting scholar at the Center for a
Livable Future Johns Hopkins University School of Public Health, adjunct professor at Tufts
University, and Senior Fellow in the Minnesota Institute for Sustainable Agriculture, University
of Minnesota (she resides in University Park, Maryland). She has held faculty positions at
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Cornell University and Syracuse University, the Federal Trade Commission, and nonprofits such
as the Wallace Center for Agricultural and Environmental Policy, the Union of Concerned
Scientists, and the National Center for Food and Agricultural Policy. She has served on
numerous boards (Society for Nutrition Education, Bread for the World, Wallace Institute for
Alternative Agriculture, Consortium for Sustainable Agriculture Research and Education,
Michael Fields Agricultural Institute, and the Agriculture Food and Human Values Society,
among others). Her current interests are the research and policy facets of Agriculture of the
Middle, the development of regional food systems, food supply chain analyses, the connections
between community food security and regional food security, and the research needed to advance
sustainable agriculture and food systems policy. Dr. Clancy is a member of the IOM Planning
Committee on Sustainable Diets: Food and Healthy People and A Healthy Planet: A Workshop.
She received her Ph.D. in Nutrition Sciences from the University of California (UC) at Berkeley.
James K. Hammitt, Ph.D., is professor of economics and decision sciences and director of the
Center for Risk Analysis at the Harvard School of Public Health. His research and teaching
concern the development of decision analysis, benefit/cost analysis, and other quantitative
methods and their application to health and environmental policy. Dr. Hammitt is particularly
interested in comprehensive evaluation of risk control measures (including ancillary benefits and
countervailing risks) and alternative methods for measuring the value of reducing health risks,
including monetary and health-adjusted life-year metrics. He served as a member of the
Environmental Protection Agency (EPA) Science Advisory Board and its Environmental
Economics Advisory Committee and chaired the EPA Advisory Council on Clear Air
Compliance Analysis. He also served as a member of the American Statistical Association
Committee on Energy Statistics (Advisory Committee to the U.S. Energy Information
Administration) and on the National Research Council (NRC) and the IOM panels on dioxin in
the food supply, external costs and benefits of energy production and consumption, and measures
of health benefits for environmental, health, and safety regulation. He held the Pierre-de-Fermat
Chaire d’Éxcellence at the Toulouse School of Economics and served as senior mathematician at
the RAND Corporation. Dr. Hammitt received his Ph.D. in Public Policy from Harvard
University.
Ross A. Hammond, Ph.D., is Senior Fellow in economic studies at The Brookings Institution,
where he is also director of the Center on Social Dynamics & Policy. His primary area of
expertise is modeling complex social dynamics in economic, political, and public health systems.
Dr. Hammond has more than 15 years of experience with mathematical and computational
modeling techniques from complex systems science. His current research topics include: obesity,
behavioral epidemiology, food systems, tobacco control, corruption, segregation, trust, and
decision making. He has authored numerous scientific articles, and his work has been featured in
New Scientist, Salon, The Atlantic Monthly, Scientific American, and major news media. Dr.
Hammond currently serves on the editorial board of the journal Childhood Obesity, on the
steering committee for the National Institutes of Health (NIH) Comparative Modeling Network
of the National Collaborative on Childhood Obesity Research, and as a member of the NIH
MIDAS (Models of Infectious Disease Agent Study) and NICH (Network on Inequality,
Complexity, and Health) networks. Dr. Hammond has been a consultant to the World Bank, the
Asian Development Bank, the IOM, and the NIH. He has taught computational modeling at
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Harvard School of Public Health, University of Michigan, Washington University, and the
NIH/Centers for Disease Control and Prevention Institute on Systems Science and Health. He
has previously held positions as the Okun-Model Fellow in Economics, a National Science
Foundation Fellow in the Center for the Study of Complex Systems at University of Michigan, a
visiting scholar at The Santa Fe Institute, and a consultant at PricewaterhouseCoopers, LLP. Dr.
Hammond received his B.A. from Williams College and his Ph.D. from University of Michigan.
Darren L. Haver, Ph.D., is the water resources/water quality advisor and county director for the
University of California Cooperative Extension in Orange County and center director of the
South Coast Research and Extension Center in Orange County. His research and extension
efforts focus on protecting local water resources and water quality through pollutant source
identification and transport; identification and implementation of pollutant mitigation
management methods and practices; and reduced water consumption in agricultural, urban, and
natural environments. He earned his Ph.D. in Botany and Plant Physiology from the University
of California, Irvine.
Douglas Jackson-Smith, Ph.D., is professor and director of graduate studies in the Department
of Sociology, Social Work, and Anthropology at Utah State University (USU). His principal
teaching and research interests include the sociology of agriculture, natural resources and the
environment, rural community studies, human dimensions of water systems, and applied research
methods. Dr. Jackson-Smith is also interested in international development, social studies of
science and technology, and political and economic sociology. Currently, he is engaged in
research focusing on the social, cultural, and institutional drivers of environmental behaviors;
interdisciplinary studies of coupled human-natural systems; and dynamics of economic and
technological change in agriculture and their effects on farm families, rural communities, and the
environment. He is also developing methods to track the spatial patterns of rural and agricultural
land use changes to evaluate the effectiveness and impacts of exurban land use planning in the
Intermountain West. Dr. Jackson-Smith recently served on the NRC Committee to Study 21st
Century Agricultural Systems. Before coming to USU, he served as assistant professor of rural
sociology and urban and regional planning at the University of Wisconsin, Madison. He previously
served as codirector of the Program on Agricultural Technology Studies (a research and extension
unit of the College of Agriculture), which examined the impacts of technological change and
public policies on farm families in Wisconsin. Dr. Jackson-Smith received his M.A. in Agricultural
Economics and his Ph.D. in Sociology from the University of Wisconsin, Madison.
Robbin S. Johnson, B.S., is senior policy advisor for global policy studies at the Humphrey
School of Public Affairs of the University of Minnesota. He previously served as president of the
Cargill Foundation until he retired in 2007. He was elected senior vice president of corporate
affairs, working with Cargill’s senior leadership team on public policy and communications
strategies. Mr. Johnson currently teaches a course at the Humphrey School on “The Role of Food
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He is a past chair of the U.S. Feed Grains Council and the Canada-Minnesota Business Council.
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Jean D. Kinsey, Ph.D., is professor emeritus of applied economics in the Department of Applied
Economics in the College of Agricultural, Food and Environmental Sciences at the University of
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Institute. She oversees a program of research on the surveillance of risk factors related to cancer,
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