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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 
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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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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 end-
user 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.   



Copyright © National Academy of Sciences. All rights reserved.

A Framework for Assessing Effects of the Food System 

S-10 A FRAMEWORK FOR ASSESSING THE FOOD SYSTEM  
 

PREPUBLICATION COPY:  UNCORRECTED PROOFS 
 

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 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 
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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 
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to undertake assessments using the principles of the framework as they consider policies with 
domestic and global consequences.  
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PART I: The U.S. Food System 
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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. 



Copyright © National Academy of Sciences. All rights reserved.

A Framework for Assessing Effects of the Food System 

INTRODUCTION  1-7 

PREPUBLICATION COPY:  UNCORRECTED PROOFS 

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 



Copyright © National Academy of Sciences. All rights reserved.

A Framework for Assessing Effects of the Food System 

2-2 
 

50 years,
and socie

Food Sup
Figur

productio
farmers, 
machiner
commod

Altho
market, 
consume
processor
them to w
for-profit
individua
chain. Fi
vegetable
for use i
sector of
manufact
that turn 

 

FIGURE
area (e.g.,

         
1 A more d

P

, with multip
ety.  

pply Chain C
re 2-1 illustr
on of food 
fishers, and

ry, and man
ities (crops a
ough food so
the overwh
d. Initially, 
rs who aggr
wholesalers 
t commodity
al farms to 
irst line han
es, as well as
n the proce
ften are fed
turing sector
raw materia

 2-1  Concep
, region or cou
                   

detailed descrip

PREPUBLIC

ple positive 

Components 
rates the cor
commoditie

d ranchers 
nufactured in
and livestock
old directly f
helming bulk

many comm
regate, store,
or the proce
y trading co
gain econom

ndlers also i
s flour mille
ssing and m

d to livestoc
r includes m

als into highe

ptual model o
untry) also ha
                   

ption of the key

 A

CATION CO

and negativ

re componen
es usually o
combine th
nputs from 
k).  
from farmers
k of food 
modities are
, and provid
ssing and m

ompanies an
mies of scal
include com

ers, oilseed p
manufacturin
ck or used 

meat packers
er value pack

of a food supp
ave interactio
  

y actors within

A FRAMEWO

 
OPY:  UNC

ve effects on

nts of the m
originates in
heir land, w

an input su

s to consume
is handled 
e sold by fa
de initial pro

manufacturing
nd farmer co
e and mark

mpanies that 
processors, a
ng of finishe

in industria
s, bakeries, a
kaged and pr

ply chain. Ele
ns (e.g., inter

n each subsecto

ORK FOR ASS

CORRECTE

n health, the

modern U.S. 
n the farm p

water, and la
upply sector 

ers is a smal
by several 

armers to fi
ocessing of c
g sectors. Fi
ooperatives 

ket access to
wash, wax

and other firm
ed food prod
al processes
and consum
rocessed foo

ements or act
rnational trade

or is provided i

SESSING TH

ED PROOFS

e environme

food supply
production 
abor resourc
to produce 

ll but growin
other secto

irst line han
commodities
rst line hand
that aggrega

o the rest of
x, wrap, and
ms that prep
ducts. By-pr
s. The food

mer product g
od products. 

tors in this su
e) with actors

in Chapter 5.  

HE FOOD SYS

S 

ent, the econ

y chain.1 Pri
sector, in w
ces with ca
raw agricu

ng segment o
ors before b
ndlers or pri
s before ship
dlers include
ate the outp
f the food su
d pack fruits
are raw mat
roducts from
d processing
goods comp

 
upply chain i
s in other area

STEM   

nomy, 

imary 
which 
apital, 
ultural 

of the 
being 
imary 
pping 
e both 
put of 
upply 
s and 
erials 

m this 
g and 
panies 

in one 
as. 



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 
 

 
PREPUBLICATION COPY:  UNCORRECTED PROOFS 

 

 
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 well-
being 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. 
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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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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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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 Federal Insecticide, Fungicide, and Rodenticide Act, 7 U.S.C. §136 et seq. (1996). 
5 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 farming-
dependent 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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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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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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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 export-
control 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). 
11 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). 
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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 prevention-
focused 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).  
18 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). 
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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 Energy Policy Act of 2005, Public Law 109-58, 109th Cong., 1st sess. (August 8, 2005). 
27 Energy Independence and Security Act of 2007, Public Law 110-140, 110th Cong., 1st sess. (December 19, 2007). 
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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 hand-
held 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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3 

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.   
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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 nutrition-
education 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 low-
cost, 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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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 
Disease and 
Strokea 

Obesity in 
Femalesb 

Diabetesc Hypertensiond 

American Indian/Alaskan 
Native  

  92    

Asian/Pacific Islander   67.3    

Asian     7.9  

Black 141.3 51 11.3 41.3 

Hispanice   86.5  11.5 27.7 

White 117.7 31   6.8 28.6 

Mexican Americans  41  27.5 

Total 116.1   29.6 
SOURCE: CDC, 2013a. 
aData from 2009 National Vital Statistics Systems. Death rates per 100,000 U.S. standard population. 
bData from National Health and Nutrition Examination Survey (NHANES) 1999-2010. Prevalence per 100 

population. 
cData from 2010 National Health Interview Survey; age-adjusted prevalence of diabetes of any duration per 100 

population. 
dData from NHANES 2007-2010 prevalence of hypertension per 100 population. 
ePersons 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 
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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. Non-
Hispanic 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 5- 
year-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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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 

Only 
Grade Not 
Assignable

Quality 
·   Scientific 
rigor and validity 
·   Study design 
and execution 
 

Studies of strong 
design 
Free from design 
flaws, bias, and 
execution 
problems 
 

Studies of 
strong design 
with minor 
methodological 
concerns 
OR only studies 
of weaker study 
design for 
question 

Studies of weak 
design for answering 
the question OR 
inconclusive 
findings due to 
design flaws, bias, or 
execution problems 
 

No studies 
available 
Conclusion based 
on usual practice, 
expert consensus, 
clinical 
experience, 
opinion, or 
extrapolation 
from basic 
research 

No 
evidence 
that 
pertains to 
question 
being 
addressed 

Consistency Findings Inconsistency Unexplained Conclusion Not 
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·   Consistency of 
findings across 
studies 

generally 
consistent in 
direction and size 
of effect or 
degree of 
association, and 
statistical 
significance with 
very minor 
exceptions 

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

inconsistency among 
results from different 
studies, 
OR single study 
unconfirmed by other 
studies 

supported solely 
by statements of 
informed 
nutrition or 
medical 
commentators 

applicable 

Quantity 
·   Number of 
studies 
·   Number of 
study 
participants 
 

One large study 
with a diverse 
population or 
several good- 
quality studies 
Large number of 
subjects studied 
Studies with 
negative results 
have sufficiently 
large sample size 
for adequate 
statistical power 

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 

Unsubstantiated 
by published 
research studies 

Relevant 
studies 
have not 
been done 

Impact 
·   Importance of 
studied outcomes 
·   Magnitude of 
effect 
 

Studied outcome 
relates directly to 
the question 
Size of effect is 
clinically 
meaningful 
Significant 
(statistical) 
difference is 
large 

Some doubt 
about the 
statistical or 
clinical 
significance of 
the effect 

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

Objective data 
unavailable 

Indicates 
area for 
future 
research 

Generalizability 
Generalizability 
to population of 
interest 

Studied 
population, 
intervention, and 
outcomes are free 
from serious 
doubts about 
generalizability 

Minor doubts 
about 
generalizability 

Serious doubts about 
generalizability due 
to narrow or different 
study population, 
intervention, or 
outcomes studied 

Generalizability 
limited to scope 
of experience 

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 non-
culture 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 high-
throughput 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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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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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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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 year-
1) 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 non-
farmed 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 non-
agricultural 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 ten-
fold (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 non-
point 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. Non-
point 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 private-
sector 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 

 

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 

Indicator Condition of the Environment 

Monitored 

Sun-induced chlorophyll fluorescence (SIF) Agricultural productivity, crop photosynthesis 

Aquatic macroinvertebrates Biological health of streams and rivers, 
pollution, water quality 

Heat shock proteins in fish  Thermal pollution of streams and rivers  

Lichens and mosses Air pollution 

Visual and acoustic remote sensing of birds Biodiversity 
Fecal indicators (such as E. coli) Water quality 

Soil organic matter, pH, bulk density Soil health 
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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).  
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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, large-
scale 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 
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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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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 non-
citizen 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 day-
to-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.  
 

 
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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the affected workers were pesticide handlers and the rest were farm workers exposed to off-
target 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.  

 

 

 

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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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.  
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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 labor-
intensive 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 
 

  

# of 
Firms in 
Fortune 

500 

Ranking 
Range in 

Fortune 500 Profits as % of Revenue 

  High Low Average Low High 

Agricultural input firms 2 27 69 2.0   
Food manufacturing 18 43 452 6.7 -2.0 19.0 
Food wholesale & distribution 4 65 500 2.0 -2.0 5.0 
Retail food companies 10 1 378 2.6 -3.0 6.0 
Food service 5 111 328 10.0 1.0 20.0 
    

All food system companies 39 27 600      
SOURCE: Fortune magazine, 2014. 

 

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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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 individual-
level 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 low-
income 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 home-
prepared 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). 
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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 trade-
offs 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 neighborhood- 
level 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. 



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 5-37 

PREPUBLICATION COPY:  UNCORRECTED PROOFS 
 

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 evidence-
informed 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 well-
being. 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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6 

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, system-
level 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 long-
term 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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7 

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 long-
term 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 
Health Environment Social and Economic 

Quantity 
Sufficient calories 
consumed for good 
health, but not obesity 

Plentiful food production 
from agricultural land and 
water 

Rising disposable income 
for consumers and/or food 
system workers 

Quality 

Safe working conditions 
and/or availability of 
food that is safe and 
meets recommended 
dietary allowances and 
dietary guidelines 

Biodiversity and quality of 
natural environment in 
agricultural setting 

Variety of affordable foods 
across income levels 

Distribution 

Access to a variety of 
foods for all groups in 
population 

Distribution of 
agrochemical run-off risks 
across diverse landscapes 

Cost of meeting dietary 
needs as share of household 
income at different income 
levels 

Resilience 
Recovery of trusted food 
safety level after 
contamination event 

Recovery time for 
agricultural production 
after drought or flood 

Community retains viability 
after loss of a major 
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, cross-
border 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. PROBLEM: Motivate need with goals and objectives 
2. SCOPING: Characterize system boundaries, components, processes, and linkages  
3. SCENARIO: Identify baseline (and alternatives, as appropriate) 
4. ANALYSIS: Conduct assessment 
5. SYNTHESIS: Synthesize and interpret the results 
6. 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 
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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. 



Copyright © National Academy of Sciences. All rights reserved.

A Framework for Assessing Effects of the Food System 

7-10 A FRAMEWORK FOR ASSESSING THE FOOD SYSTEM 
 

PREPUBLICATION COPY:  UNCORRECTED PROOFS 
 

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 (“pseudo-
data”) 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 7-
3). 
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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 real-
world 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 self-
sufficiency, 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. 
  



Copyright © National Academy of Sciences. All rights reserved.

A Framework for Assessing Effects of the Food System 

7-16 A FRAMEWORK FOR ASSESSING THE FOOD SYSTEM 
 

PREPUBLICATION COPY:  UNCORRECTED PROOFS 
 

 
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 profit-
maximizing 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 well-
being 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. Does it encompass the full food supply chain? 
2. Does it address all four domains and dimensions of effects? 
3. Does it account for interactions and dynamic feedback processes? 
4. 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 co-
located 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 over- 
nor 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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7-A 

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 



Copyright © National Academy of Sciences. All rights reserved.

A Framework for Assessing Effects of the Food System 

7-A-2 A FRAMEWORK FOR ASSESSING THE FOOD SYSTEM  
 

PREPUBLICATION COPY:  UNCORRECTED PROOFS 
 

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 marine-
derived “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 fish-
based 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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ANNEX 2: U.S. BIOFUELS POLICY 

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).  
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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.  

 

 
 

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 pre-
selected, 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 mid-
1990s. 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 N-
related 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 



Copyright © National Academy of Sciences. All rights reserved.

A Framework for Assessing Effects of the Food System 

7-A-46 A FRAMEWORK FOR ASSESSING THE FOOD SYSTEM 
 

PREPUBLICATION COPY:  UNCORRECTED PROOFS 
 

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. 
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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 



Copyright © National Academy of Sciences. All rights reserved.

A Framework for Assessing Effects of the Food System 

ANNEX 4: NITROGEN  7-A-49 

PREPUBLICATION COPY:  UNCORRECTED PROOFS 
 

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 7-
A-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 crop-
specific 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 N-
related 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 non-
cage 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 trade-

offs 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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8 

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 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 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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5:15 p.m. Adjourn 

  



Copyright © National Academy of Sciences. All rights reserved.

A Framework for Assessing Effects of the Food System 

APPENDIX A A-7 

PREPUBLICATION COPY:  UNCORRECTED PROOFS 
 

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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B-1 
 

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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Appendix C 

Acronyms 
 
ACA  Patient Protection and Affordable Care Act  
AR   antibiotic resistance 
 
b. lbs  billion pounds 
BCA   benefit–cost analysis  
BLS  Bureau of Labor Statistics 
BMI  body mass index  
 
CAA  Clean Air Act 
CAFO  concentrated animal feeding operation  
CDC    Centers for Disease Control and Prevention 
CEA     cost-effectiveness analysis 
CFSAN   Center for Food Safety and Applied Nutrition 
CHD    coronary heart disease  
CO    carbon monoxide  
CPG    consumer product good  
CPI    Consumer Price Index  
CVD    cardiovascular disease 
CWA    Clean Water Act 
 
DGA    Dietary Guidelines for Americans 
DGAC    Dietary Guidelines for Americans Committee 
DNDC     Denitrification/Decomposition 
DRI    Dietary Reference Intake 
 
EIA    environmental impact assessment 
EISA    Energy Independence and Security Act 
EPA    Environmental Protection Agency 
ERS    Economic Research Service 
EU    European Union 
 
FAH    food at home 
FAFH    food away from home 
FAO    Food and Agriculture Organization 
FDA    U.S. Food and Drug Administration 
FFV    flex fuel vehicle 
FIFRA    Federal Insecticide, Fungicide and Rodenticide Act 
FSMA    Food Safety Modernization Act 
 
GDP    gross domestic product 
GE    genetically engineered 
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GFSI    global food security index 
GHG    greenhouse gas  
GMO genetically modified organism   
 
HACCP Hazard Analysis Critical Control Points 
HIA    health impact assessment 
H2S    hydrogen sulfite  
 
IOM    Institute of Medicine 
ISO     International Organization for Standardization 
 

LCA    life cycle assessment 

LEAP     Livestock Environmental Assessment and Performance Partnership 

 

MTHFR   methylenetetrahydrofolate reductase  

 

NHANES   National Health and Nutrition Survey 

NH3    ammonia  

NIOSH    National Institute for Occupational Safety and Health 

NO2    nitrogen dioxide 

NORS    National Outbreak Reporting System  

NPS    non-point source pollution 

NRC    National Research Council 

NRCS     Natural Resources Conservation Service 

 

O3     ozone  

 

PM     particulate matter  

PCBs    polychlorinated biphenyls  

 

QALY    quality-adjusted life year 

 

RCT    randomized controlled trial  

RDA    Recommended Dietary Allowance 

RFS     Renewable Fuel Standard 

 

SES    socioeconomic status 

SLP    School Lunch Program 

SNAP    Supplemental Nutrition Assistance Program 

SO2    sulfur dioxide  

STEC    Shiga toxin-producing E. coli  
SWF     social welfare function  
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TFP    Thrifty Food Plan 

 

USDA    U.S. Department of Agriculture 

USGS    U.S. Geological Survey 

 

VOC    volatile organic compound  

 

WDR    water discharge requirement 

WIC 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, 
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