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Preface

The important thing in science is not so much to obtain new facts as to discover
new ways of thinking about them. —William Lawrence Bragg

Environmental protection in the 21st century requires a new way of think-
ing about pollution and its drivers, scale, effects, and solutions. In the United
States, the Environmental Protection Agency (EPA) has the mission of protect-
ing human health and the environment. EPA helps to identify emerging and fu-
ture problems, it assesses the fate and effects of pollutants, and it researches
methods for prevention, intervention, and remediation. Science at EPA should
be relevant to the agency’s mission, it should be of high quality and high prior-
ity, and it should be continuously reviewed by peer scientists, engineers, and
social scientists.

With a 42-year history, EPA finds itself in the second decade of the new
millennium with different challenges and variable public support for its mission
to protect human health and the environment. It has successfully controlled pol-
lution and improved public health and welfare since it was formed in 1970. Its
success has stemmed largely from the establishment and enforcement of its
regulatory programs under the Safe Drinking Water Act; the Clean Air Act; the
Federal Insecticide, Fungicide, and Rodenticide Act; the Comprehensive Envi-
ronmental Response, Compensation, and Liability Act; the Toxic Substances
Control Act; and other statutes. That success has been informed by research
within the agency and outside the agency by academe, nonprofit organizations,
industry consultants, federal agencies, and other partnering agencies and institu-
tions.

Many of today’s problems present challenges of great scope, spatial scale,
and complexity. Some pose a new suite of emerging environmental threats,
while others persist and have yet to be completely solved. Examples of today’s
environmental problems include the deterioration of air quality due to a warmer,
moister climate; effects of the energy production required to fuel a modern,
growing economy; hypoxia, harmful algal blooms, and eutrophication from ag-
ricultural runoff and nutrient pollution; overload of urban stormwater and bypass
of raw sewage exacerbated by sprawl and storm severity; and loss of species due

ix
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to land use and climate change. Those are problems of the 21st century, and
addressing them will require the best available science and technology possible
in a resource-constrained world.

In 2011, EPA asked the National Research Council to assess independ-
ently the overall capabilities of the agency to develop, obtain, and use the best
available scientific and technologic information and tools to meet persistent,
emerging, and future mission challenges and opportunities. In response, the Na-
tional Research Council convened the Committee on Science for EPA’s Future,
which prepared this report. The committee brings together a wide array of ex-
pertise to address major changes in the biophysical and societal environment,
including risk assessment and management, computational techniques and bioin-
formatics, data mining and assimilation, crowd sourcing, benefit—cost analyses
of environmental regulations, developments in public health, and organizational
collaborations within EPA and beyond. The committee also called on numerous
people from within EPA and experts who collaborate with EPA for their per-
spectives and insight on science for EPA’s future. It assessed the major drivers
of environmental change and tried to describe characteristics of the challenges
of coming decades, discussed emerging tools and technologies that can be
brought to bear on those challenges, and formulated some principles for how to
build environmental protection in the 21st century while enhancing EPA’s lead-
ership and capacity.

This present report has been reviewed in draft form by persons chosen for
their diverse perspectives and technical expertise in accordance with procedures
approved by the National Research Council Report Review Committee. The
purpose of the independent review is to provide candid and critical comments
that will assist the institution in making its published report as sound as possible
and to ensure that the report meets institutional standards of objectivity, evi-
dence, and responsiveness to the study charge. The review comments and draft
manuscript remain confidential to protect the integrity of the deliberative proc-
ess. We thank the following for their review of the report: John C. Bailar, III,
The University of Chicago; Ann Bostrom, University of Washington; Charles
M. Auer, Charles Auer & Associates, LLC; John P. Connolly, Anchor QEA,
LLC; John Crittenden, Georgia Institute of Technology; Jerome J. Cura, The
Science Collaborative; Bernard D. Goldstein, University of Pittsburgh Graduate
School of Public Health; Chao-Jun Li, McGill University; David L. Macintosh,
Environmental Health & Engineering, Inc.; Denise L. Mauzerall, Princeton Uni-
versity; Stephen Polasky, University of Minnesota; Joseph P. Rodricks,
ENVIRON; Pamela Shubat, Minnesota Department of Health; Ponisseril Soma-
sundaran, Columbia University; and Mark J. Utell, University of Rochester
School of Medicine and Dentistry.

Although the reviewers listed above have provided many constructive
comments and suggestions, they were not asked to endorse the conclusions or
recommendations, nor did they see the final draft of the report before its release.
The review of the report was overseen by the review coordinator, Edwin H.
Clark II, Earth Policy Institute, and the review monitor, Mike Kavanaugh, Geo-
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syntec Consultants. Appointed by the National Research Council, they were
responsible for making certain that an independent examination of the report
was carried out in accordance with institutional procedures and that all review
comments were carefully considered. Responsibility for the final content of the
report rests entirely with the committee and the institution.

The committee gratefully acknowledges Paul Anastas, Al McGartland, Iris
Goodman, Kristen Keteles, Jeff Morris, Peter Preuss, and Kevin Teichman, of
EPA, and David Miller, of the National Institute of Environmental Health Sci-
ences, for making presentations to the committee.

The committee is also grateful for the assistance of the National Research
Council staff in preparing this report. Staff members who contributed to the ef-
fort are Heidi Murray-Smith, project director; James Reisa, director of the Board
on Environmental Studies and Toxicology; David Policansky, scholar; Keri Sto-
ever, research associate; Norman Grossblatt, senior editor; Mirsada Karalic-
Loncarevic, manager of the Technical Information Center; Radiah Rose, man-
ager of editorial projects; and Craig Philip, senior program assistant.

I especially thank the members of the committee for their efforts through-
out the development of this report.

Jerald L. Schnoor, Chair
Committee on Science for EPA’s Future
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Summary

The stated mission of the US Environmental Protection Agency (EPA) is
to protect human health and the environment. Since its formation in 1970, EPA
has had a leadership role in developing many fields of environmental science
and engineering. From ecology to health sciences and environmental engineer-
ing to analytic chemistry, EPA has performed, stimulated, and supported re-
search; developed environmental education programs; supported regional sci-
ence initiatives; supported safer technologies; and enhanced the scientific basis
of informed decision-making. Science has always been an integral part of EPA’s
mission and is essential for providing the best-quality foundation of agency de-
cisions. Today the agency’s science is increasingly in the public eye, federal
budgets are decreasing, and job creation and innovation are key national priori-
ties.

In anticipation of future environmental science and engineering challenges
and technologic advances, EPA asked the National Research Council (NRC) to
assess the overall capabilities of the agency to develop, obtain, and use the best
available scientific and technologic information and tools to meet persistent,
emerging, and future mission challenges and opportunities. The NRC was also
asked to identify and assess transitional options to strengthen the agency’s capa-
bility to pursue and use scientific information and tools. In response, the NRC
convened the Committee on Science for EPA’s Future, which prepared the pre-
sent report.

ENVIRONMENTAL CHALLENGES AND TOOLS TO ADDRESS THEM

The committee’s report highlights a few persistent and emerging environ-
mental challenges and tools and technologies to address them. Although the
topics discussed in the report are only illustrative, the report provides specific
examples and gives context to the committee’s discussion of a broader frame-
work for building science for environmental protection in the 21st century. Hav-
ing assessed EPA’s current activities, the committee notes that EPA is well
equipped to take advantage of many scientific and technologic advances and
that, in fact, its scientists and engineers are leaders in some fields.
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4 Science For Environmental Protection: The Road Ahead

Current and Persistent Environmental Challenges

There has been substantial progress over the last few decades in lessening
many of the obvious environmental problems, such as black smoke coming from
smokestacks, stench arising from rivers, and fish kills in US lakes. But the chal-
lenges associated with environmental protection today are complex, affected by
many interacting factors, and no less daunting. They are on various spatial
scales, may unfold over long temporal scales, and may have global implications.
The problems are sometimes called “wicked problems”, and are often character-
ized by being difficult to define, unstable, and socially complex; having no clear
solution or end point; and extending beyond the understanding of one discipline
or the responsibility of one organization. Although the committee cannot predict
with certainty what new environmental problems EPA will face in the next 10
years or more, it can identify some of the common drivers and common charac-
teristics of problems that are likely to occur. Some key features of persistent and
future environmental challenges are complex feedback loops; the need to under-
stand the effects of low-level exposures to numerous stressors as opposed to
high-level exposures to individual stressors; the need to understand social, eco-
nomic, and environmental drivers; and the need for systems thinking to devise
optimal solutions.

The following are a few examples of persistent and emerging environ-
mental challenges that pertain to EPA and its mission.

Chemical Exposures, Human Health, and the Environment. New chemi-
cals continue to be created and enter the environment. Understanding what
chemicals are in the environment, concentrations at which people are being ex-
posed, pathways through which they are being exposed, and how different
chemicals and stressors interact with one another encompasses some of the per-
sistent challenges that EPA faces. Another challenge is to continue to elucidate
the many factors that can modify the health effects of exposure to chemicals and
other stressors. The chemical, biologic, and physical characteristics of an agent,
the genetic and behavioral attributes of a host, and the physical and social char-
acteristics of the environment are all influential.

Air Pollution and Climate Change. Emissions of major air pollutants were
dramatically reduced from 1990 to 2010. Much of that success resulted from the
establishment and enforcement of the Clean Air Act. Despite substantial pro-
gress, the agency’s efforts to improve air quality continue to have high priority
because the economic costs that air pollution imposes on society remain high.
The Clean Air Act and other statutory mandates give rise to the need for im-
proved scientific and technical information on health exposures and effects, on
ecologic exposures and effects, on ambient and emission monitoring techniques,
on atmospheric chemistry and physics, and on pollution-prevention and emis-
sion-control methods for hundreds of pollutants present in both indoor and out-
door environments. EPA also faces the critical challenge of helping to find effi-
cient and effective approaches to mitigating climate change and improving
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understanding of how to adapt environmental management in the face of climate
change.

Water Quality. The availability of clean water is essential for human con-
sumption, personal hygiene, agriculture, business practices, recreation, and other
activities. National water-quality policy has been driven primarily by the Clean
Water Act and the Safe Drinking Water Act. With increasing demands on
freshwater supplies, particularly in the more arid regions of the western United
States, the challenges of providing freshwater are prominent today and will
probably continue to be a concern in the future, especially as climate change
alters water supply. Furthermore, water-quality challenges remain pressing, in-
cluding the need to monitor and understand the transport and fate of contami-
nants, the need to maintain and update aging water-treatment infrastructure, and
the need to address the persistent problem of nutrient pollution.

As progress has been made in solving local problems and as more has
been learned about the health and environmental consequences of chronic low-
level exposures to diverse and disperse physical and chemical stressors, envi-
ronmental science and engineering has begun to focus on impacts over wider
geographic areas. The spatial and temporal scales required to understand emerg-
ing environmental issues vary widely, and their range is widening as more is
learned about the systems and feedback loops underlying the observed phenom-
ena. These large-scale problems require improved understanding of the fate and
transport of contaminants on international and global scales and of options for
coordinated solutions. Long-term monitoring is also needed to identify and track
changes and problems that develop slowly.

Developing Tools and Technologies to Address Environmental Challenges

Supporting the development of leading-edge scientific methods, tools, and
technologies is critical for understanding environmental changes and their ef-
fects on human health and for identifying solutions. In addition, addressing the
challenges of the future will require a more deliberate approach to systems
thinking and interdisciplinary science, for example, by using frameworks that
strive to characterize and integrate a broad array of interactions between humans
and the environment. Although new tools and technologies can substantially
improve the scientific basis of environmental policy and regulations, many of
the new tools and technologies need to build on and enhance the current founda-
tion of environmental science and engineering. Some tools and technologies that
EPA has used or could use to address environmental and human health chal-
lenges are discussed in the following paragraphs.

Many advancing tools and technologies are being used to understand the
transport and fate of chemicals in the environment, to understand the extent of
human exposures, and to identify and predict the extent of potential toxic ef-
fects. For example, advances in separation and identification of nucleotides,
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proteins, and peptides and advances in spectrometric methods have enabled a
better understanding of molecular-level biologic processes. Those types of tools
are an integral part of EPA’s computational toxicology program and are being
applied to the development of new approaches to assess and predict toxicity in
vitro. Advances in biomonitoring, sensor technology, health tracking, and in-
formatics are improving the understanding of individual exposures and associ-
ated health endpoints. If EPA is to continue this work, it will need to maintain
and increase its expertise in such fields as toxicology, exposure science, epide-
miology, molecular biology, information technology, bioinformatics, computer
science, and statistical modeling.

Advances in remote sensing since the launch of Landsat 1 in 1972 are con-
tinuing to improve the understanding of contaminant sources, fate, and transport
and the understanding and monitoring of landscape ecology and ecosystem ser-
vices. Using remotely collected data effectively to gain information also requires
advances in modeling of various components of the Earth’s biogeophysical sys-
tems, including improved techniques for data assimilation and modeling. As an
example in the air-pollution arena, active sensors, such as satellite sensors and
aircraft-mounted light detection and ranging sensors, can provide information on
the vertical distribution of clouds and aerosols and can provide important spatial,
temporal, and contextual information about the extent, duration, and transport
paths of pollution. Remote sensing is also being used to monitor fugitive re-
leases of methane, hazardous air pollutants, and volatile organic compounds
from landfills and other diffuse or dispersed sources. What had been thought to
be an excessively expensive monitoring challenge is proving financially and
practically manageable.

Methods for identifying and quantifying chemicals, microorganisms, and
microbial products in the environment continue to improve. For example, the
most recent advances in the detection of microorganisms in water include quan-
titative polymerase chain reaction (PCR) methods, which can be designed for
any microorganism of interest because they are highly specific and quantitative.
In addition to updating water-quality standards and addressing health studies and
swimmer surveys, EPA has begun to use PCR techniques to understand coastal
pollution, address polluted sediments, decrease response time for detecting pol-
luted waters, and improve protection of public health on beaches and coastlines.
Such advances as the deployment of quantitative PCR require linking biology,
mathematics, health, the environment, and policy to support substantial interdis-
ciplinary research focused on problem-solving and systems thinking.

New tools and technologies are collecting larger, more diverse sets of data
on increasing spatial and temporal scales. Knowledge and expertise in such
fields as computer science, information technology, environmental modeling,
and remote sensing are necessary to collect, manage, analyze, and model those
datasets. One method for collecting information across larger geographic spaces
and over longer periods is public engagement. For example, during massive on-
line collaborations, participants can be invited to help to develop a new technol-
ogy, carry out a design task, propose policy solutions, or capture, systematize, or
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analyze large amounts of data. EPA is already exploring crowdsourcing and
citizen-science approaches. Improving capabilities of managing and ensuring the
quality of very large datasets acquired through public engagement holds promise
for EPA to be able to gather and analyze large amounts of data and input inex-
pensively.

Using New Science to Drive Safer Technologies and Products

The tools and technologies for handling scientific data have generally been
thought of in the context of refined risk-assessment processes. That use of scien-
tific information is focused in large part on detailed and nuanced problem identi-
fication—that is, a holistic understanding of causes and mechanisms. Such work
is important and valuable in understanding how toxicants and other stressors
affect environmental health and ecosystems, and at times it is required by stat-
ute. However, the focus on problem identification sometimes occurs at the ex-
pense of efforts to use scientific tools to develop safer technologies and solu-
tions. Defining problems without a comparable effort to find solutions can
diminish the value of applied research efforts. Furthermore, if EPA’s actions
lead to a change in a chemical, technology, or practice, there is a responsibility
to understand alternatives and to support a path forward that is environmentally
sound, technically feasible, and economically viable.

EPA has taken global leadership in three fields of innovative solution-
oriented science: pollution prevention, Design for the Environment, and green
chemistry and engineering. That suite of programs reflects non-regulatory ap-
proaches that protect the environment and human health by designing or redes-
igning processes and products to reduce the use and release of toxic materials.
The programs emphasize education and assistance, alignment of environmental
protection with economic development, and strong partnerships between agen-
cies, industry, nongovernment organizations, and academic institutions. They
require expertise in traditional environmental science, but there is also a critical
need for behavioral and social sciences in advancing the development and adop-
tion of safer chemicals, materials, and products. The data that the behavioral and
social sciences provide are important inputs for characterizing and making the
economic case for new technologies, for understanding business and consumer
behavior, and for effecting behavioral changes so that innovations for safer ma-
terials reflect consumer preferences.

BUILDING SCIENCE AND ENGINEERING FOR
ENVIRONMENTAL PROTECTION IN THE 21st CENTURY

As a regulatory agency, EPA applies many of its resources to implement-
ing complex regulatory programs, including substantial commitments of scien-
tific and technical resources to environmental monitoring, applied health and
environmental science, risk assessment, benefit—cost analysis, and other activi-
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ties that form the foundation of regulatory decisions. The primary focus on its
regulatory mission can engender controversy and place strains on the conduct of
EPA’s scientific work in ways that do not occur in most other government sci-
ence agencies. Amid this inherent tension, science in EPA generally and in
EPA’s Office of Research and Development (ORD) in particular strives to sup-
port the needs of the agency’s present regulatory mandates and timetables, to
identify and lay the intellectual foundations that will allow the agency to meet
current and emerging environmental challenges, to determine the main environ-
mental research problems on the US environmental-research landscape, to sus-
tain and continually rejuvenate a diverse inhouse scientific staff to support the
agency, and to strike an appropriate balance between inhouse and extramural
research investment. In light of the inherent tensions, the current and persistent
environmental challenges, and newly developed and emerging tools and tech-
nologies, the committee created a framework for building science for environ-
mental protection in the 21st century (see Figure S-1). Environmental and hu-
man health challenges of the future and the tools and technologies that will
emerge to address them cannot be predicted, but the committee offers the
framework to help EPA to be prepared to respond to unknown challenges in the
future and to bolster its ability to respond to current and persistent environ-
mental challenges. The framework relies on four key ideas:

First, effective science-informed regulation and policy aimed at pro-
tecting human health and environmental quality rely on robust approaches
to data acquisition, modeling, and knowledge development (see the “Analy-
sis of Key Measures to Advance Knowledge” box in Figure S-1). Management
and interpretation of “big data” will be a continuing challenge for EPA inas-
much as new technologies can generate large amounts of data quickly. In many
instances, large amounts of data are acquired directly as a component of hy-
pothesis-driven research. However, many new technologies generate large vol-
umes of data that may not be derived from a clear, hypothesis-driven experiment
but nevertheless may yield important new insights. That type of research is re-
ferred to as discovery-driven research. In both instances, the data must be ana-
lyzed and interpreted and then placed in the context of an appropriate problem
or scientific theory. As depicted in Figure S-1, there must be iterations and feed-
back loops, particularly between data acquisition and data modeling, analysis,
and synthesis. Knowledge generation, which can take many forms depending on
the question being addressed and the nature of the data, ultimately serves as the
basis of science-informed regulation and policy. The committee recognizes that
scientific data constitute only one—albeit important—input into decision-
making processes that alone cannot resolve highly complex and uncertain envi-
ronmental and health problems. Ultimately, environmental health decisions and
solutions will need to incorporate economic, societal, behavioral, political, and
other considerations in addition to science.
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Second, EPA can maintain its global position by staying at the leading
edge of science (see the “Systems Thinking to Assess Implications of Deci-
sions” box in Figure S-1). Staying at the leading edge will require consideration
of existing and on-the-horizon challenges and efforts to predict, address, and
prevent future challenges. The committee suggests the following overarching
actions for addressing wicked problems:

e Anticipate. Be deliberate and systematic in anticipating scientific, tech-
nologic, and regulatory challenges.

e [nnovate. Support innovation in scientific approaches to characterize
and prevent problems and to support solutions through sustainable technologies
and practices.

o Take the long view. Track progress in ecosystem protection and human
health over the medium term and the long term and identify needs for course
corrections.

e Be collaborative. Support interdisciplinary collaboration within and
outside the agency, across the United States, and globally.

Third, maintaining leading-edge science requires the development and
application of systems-level tools and expertise for the systematic analysis of
the health, environmental, social, and economic implications of individual
decisions (see the “Systems Tools and Skills” box in Figure S-1). Leading-edge
science will produce large amounts of new information, and many multifactorial
problems will require systems-thinking approaches. Over the years, EPA has
become more accomplished in addressing cross-media problems and avoiding
“solutions” that transfer a problem from one medium to another (for example,
changing an air pollutant to a water or solid-waste pollutant). However, future
problems will become more complex and will go beyond cross-media situations,
such as global climate and land-use patterns. Many analytic systems tools can
contribute to analyzing and evaluating complex scenarios, including life-cycle
assessment; cumulative risk assessment; social, economic, behavioral, and deci-
sion sciences; and synthesis research. Regardless of the analytic systems tools
used, it is important to characterize and integrate information on both human
health and ecosystem effects.

Fourth, maintaining leading-edge science requires the development of
tools and methods for synthesizing scientific information and characterizing
uncertainties. It should also integrate methods for tracking and assessing
the outcomes of actions (that is, for being accountable) into the decision
process from the outset (see the “Synthesis and Evaluation” box in Figure S-1).
Systems-level problems are rarely amenable to simple quantitative decision
measures and may require multiple types of information and characterization of
different types of uncertainty. Examples of approaches for synthesizing informa-
tion to support holistic decisions include sustainability analysis, solutions-
oriented approaches (such as health impact assessment, alternatives assessment,
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and cost-benefit analysis), and multiple-criteria and multidimensional decision-
making. Regardless of which analytic tools or indicators EPA uses to support
decisions in the future, uncertainty will be an overriding concern. Consistent and
holistic approaches to characterizing and recognizing uncertainty will allow
EPA to articulate the importance of uncertainty in light of pending decisions and
to avoid becoming paralyzed by the need for increasingly complex computa-
tional analysis.

The committee recommends that EPA consider the following actions to
implement the elements underlying the framework in Figure S-1:

e Engage in a deliberate and systematic “scanning” capability involving
staff from ORD, other program offices, and the regions. Such a dedicated and
sustained “futures network™ (as EPA has called groups in the past with a similar
function), with time and modest resources, would be able to interact with other
federal agencies, academe, and industry to identify emerging issues and bring
the newest scientific approaches into EPA.

e Develop a more systematic strategy to support innovation in science,
technology, and practice.

e Substantially enhance EPA’s capacity to apply systems thinking to all
aspects of its approach to complex decisions.

o Invest substantial effort to generate broader, deeper, and sustained sup-
port for long-term monitoring of key indicators of environmental quality and
performance.

ENHANCED LEADERSHIP AND CAPACITY IN THE
US ENVIRONMENTAL PROTECTION AGENCY

To implement the key strategies described above and the framework illus-
trated in Figure S-1, strong science leadership and capacity in EPA are essential.
The committee has identified four key areas where enhanced leadership and
capacity can strengthen the agency’s ability to address current and emerging
environmental challenges and to take advantage of new tools and technologies
to address them.

Enhanced agency-wide science leadership. There has been progress to-
ward agency-wide science integration with the establishment of the Office of the
Science Advisor, and further progress might be made with the shift of the sci-
ence advisor position from within ORD to the Office of the Administrator in
early 2012. However, that office may need further authority from the adminis-
trator or additional staff resources to continue to improve the integration and
coordination of science across the programs and regions throughout the agency.
Someone in a true agency-wide science leadership position, with clear lines of
authority and responsibility, could take the form of a deputy administrator for
science, a chief scientist, or possibly an enhanced version of the current science
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advisor position. He or she could direct efforts to extend ORD’s successful mul-
tiyear science plans to an agency-wide plan that integrates science needs of the
programs and the regional offices with the scientific efforts of ORD, program
offices, and regions. With such leadership in place, regional administrators, pro-
gram assistant administrators, and staff members at all levels need to be held
accountable for ensuring scientific quality and the integration of individual sci-
ence efforts with broader efforts throughout the agency. Even with the full sup-
port of the administrator and senior staff, the effort will fail if the need to im-
prove the use of science in EPA is not accepted by staff at all levels.

More effective coordination and integration of science efforts within the
agency. Given the need for integrated, transdisciplinary, and solutions-oriented
research to solve 21st century environmental problems, the existing structure
focused on ORD as the “science center” that establishes the scientific agenda of
EPA will not be sufficient; ORD only conducts a portion of EPA’s scientific
efforts, and more than three-fourths of EPA’s scientific staff work outside ORD.
Instead, efforts to strengthen EPA science will need to incorporate efforts, re-
sources, expertise, and scientific and nonscientific perspectives of program and
field offices. Such efforts need to support the integration of both existing and
new science throughout the agency; avoid duplication or, worse, contradictory
efforts; respect different sets of priorities and timeframes; and advance common
goals.

Strengthened scientific capacity inside and outside the agency. Optimizing
resources, creating and benefiting from scientific exchange zones, and leading
innovation through transdisciplinary collaborations will require forward-
thinking and resourceful scientific leadership and capacity at various levels in
the agency. In such a situation, EPA would need to use all its authority effec-
tively, including pursuing permanent Title 42 authority, to recruit, hire, and re-
tain the high-level science and engineering leaders that it needs to maintain a
strong inhouse research program. EPA would also need to maintain a “critical
mass” of world-class experts who have the ability to identify and access the nec-
essary science inside or outside EPA and to work collaboratively with research-
ers in other agencies. Mechanisms through which that could be achieved include
sabbaticals and other leave, laboratory rotations, and the Science to Achieve
Results fellowship program. The committee found that a particular area where
EPA lacks expertise is in the social, behavioral, and decision sciences.

Support of scientific integrity and quality. Critics of EPA’s regulations (as
either too lax or too stringent) have sometimes charged that valid scientific in-
formation was ignored or suppressed, or that the scientific basis of a regulation
was not adequate. EPA’s best defense against such criticisms is to ensure that it
distinguishes transparently between questions of science and questions of policy
in its regulatory decisions; to demand openness and access to the scientific data
and information on which it is relying, whether generated in or outside the
agency; and to use competent, balanced, objective, and transparent procedures
for selecting and weighing scientific studies, for ensuring study quality, and for
peer review. The need to describe methods clearly for selecting and weighing
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studies is evident given the criticisms of assessments prepared for EPA’s Inte-
grated Risk Information System (IRIS). Over the last decade, several NRC
committees that reviewed IRIS assessments noted a need to improve formal,
evidence-based approaches to increase transparency and clarity in selecting
datasets for analysis and a greater focus on uncertainty and variability. Those
points were reiterated in the 2011 NRC report Review of the Environmental Pro-
tection Agency’s Draft IRIS Assessment of Formaldehyde. EPA has announced
that it is working to address the concerns raised in that report and is currently
sponsoring, at the request of Congress, an NRC study to assess the scientific,
technical, and process changes being implemented for IRIS.

Based on the four key areas identified above, the Committee on Science
for EPA’s Future recommends that EPA strengthen its capability to pursue the
scientific information and tools that will be needed to meet current and future
challenges by

o Substantially enhancing the responsibilities of a person in an agency-
wide science leadership position to ensure that the highest-quality science is
developed, evaluated, and applied systematically throughout the agency’s pro-
grams. The person in that position should have sufficient authority and staff re-
sources to improve the integration and coordination of science across the
agency. If this enhanced leadership position is to be successful, strengthened
leadership is needed throughout the agency and the improved use of science at
EPA will need to be carried out by staff at all levels.

o Strengthening its scientific capacity. This can be accomplished by con-
tinuing to cultivate knowledge and expertise within the agency generally, by
hiring more behavioral and decision scientists, and by drawing on scientific re-
search and expertise from outside the agency.

o Creating a process to set priorities for improving the quality of EPA’s
scientific endeavors. The process should recognize the inevitably limited re-
sources while clearly articulating the level of resources required for EPA to con-
tinue to ensure the future health and safety of humans and ecosystems.

CONCLUDING REMARKS

For over 40 years, EPA has been a national and world leader in addressing
the scientific and engineering challenges of protecting the environment and hu-
man health. The agency’s multi-disciplinary science workforce of 6,000 is bol-
stered by strong ties to academic research institutions and science advisers rep-
resenting many sectors of the scientific community. A highly competitive
fellowship program also provides a pipeline for future environmental science
and engineering leaders and enables the agency to attract graduates who have
state-of-the-art training.

The foundation of EPA science is strong, but the agency needs to continue
to address numerous present and future challenges if it is to maintain its science



14 Science For Environmental Protection: The Road Ahead

leadership and meet its expanding mandates. There is a pressing need to groom
the interdisciplinary-thinking and collaborative leaders of tomorrow and prepare
for the coming retirement of large numbers of senior scientists. As this report
underscores, there is an increased recognition of the need for cross-disciplinary
training and of the need to expand the capacity in social and information sci-
ences. In addition, EPA will continue to need leadership in traditional core dis-
ciplines, such as statistics, chemistry, economics, environmental engineering,
ecology, toxicology, epidemiology, exposures science, and risk assessment.
EPA’s future success will depend on its ability to address long-standing envi-
ronmental problems, its ability to recognize and respond to emerging challenges,
its ability to link broader problem characterization with solutions, and its capac-
ity to meet the scientific needs of policy-makers and the American public.



Introduction

The stated mission of the US Environmental Protection Agency (EPA) is
to protect human health and the environment. EPA seeks to fulfill its mission by
using the best available science to inform the decisions that it makes. It also
seeks to ensure that federal laws related to human health and the environment
are enforced fairly and effectively. The agency plays a major role in providing
environmental and human health information to all members of society and
works with other nations to facilitate the protection of the global environment
(EPA 2011a).

EPA is carrying out its mission at a time when science is increasingly in
the public eye and controversial, science budgets are decreasing, and job crea-
tion and innovation have high political priority. Science has always been an in-
tegral part of EPA’s activities, and scientific assessments of factors that affect
human health and the environment are as important as ever. In addition, the ef-
fects that humans continue to have on the environment are profound and wide-
spread. An increased use of new scientific knowledge and technical information
is necessary to understand increasingly complex environmental problems; to
understand rapidly evolving advances in such fields as microbiology, informa-
tion technology, and medicine; to set priorities for research and regulation; to
identify emerging and future environmental and health concerns (NRC 2000);
and to support policy, management, and technical innovations that prevent unde-
sirable effects in the first place.

Some of the challenges and opportunities that EPA faces include new and
persistent environmental problems, changes in human activities and interactions,
changes in public expectations, new models for decision-making, new scientific
information, and the development of new agency mission requirements that re-
quire doing more with less. EPA can meet those challenges only by using high-
quality science. The present report discusses current environmental challenges
and recent scientific and technologic developments, and it provides guidance to
the agency as it prepares to meet the challenges of the future.

15
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THE CHANGING NATURE OF ENVIRONMENTAL PROBLEMS

Earthquakes, floods, fires, droughts, blizzards, dust storms, natural re-
leases of toxic gases and liquids, diseases, and other environmental variations
affect hundreds of millions of people each year. Many such events are exacer-
bated or mitigated by human activities. In addition, humans affect the environ-
ment and natural biodiversity by adding contaminants to air and water, changing
land use, reducing and fragmenting the habitat of some species, introducing non-
native species, and changing natural fluxes and cycles of energy and materials. It
is increasingly clear that human activities are driving many changes in Earth’s
global environment; indeed, some scientists refer to this human-dominated pe-
riod as the Anthropocene to indicate a new geologic epoch that succeeds the
Holocene. The term Anthropocene has also recently come into use in the popular
press (for example, New York Times 2011 and The Economist 2011) and a pro-
posal to define and formalize the term is being developed by the Anthropocene
Working Group for consideration by the International Committee on Stratigra-
phy (SQS 2012).

The challenges associated with environmental protection today are multi-
faceted and affected by many interacting factors. The challenges operate on
various, often large, spatial scales, unfold on long temporal scales, and usually
have global implications (for example, carbon dynamics, nutrient cycles, and
ocean acidification). Dealing with these problems will require systems thinking
and integrated multidisciplinary science.

Achieving solutions to these challenges requires increased sustainability,
the pursuit of which has been called a wicked problem. The term wicked prob-
lem has been used in the field of social planning to describe a problem that is
difficult to solve because it is difficult to define clearly, resistant to resolution,
and inadequately understood; it has multiple causes that interact in complex
ways; it attracts attempted solutions that often result in unforeseen conse-
quences; it is often not stable; it usually has no clear solution or endpoint but
rather solutions that are considered better, worse, or good enough; it is socially
complex and has multiple stakeholders who must consider the changing behav-
ior of others; and it rarely sits conveniently within the understanding of one dis-
cipline or the responsibility of any one organization. Moreover, because of com-
plex interdependencies, the effort to solve one aspect of a wicked problem may
reveal or create other problems (Rittel and Webber 1973; DeGrace and Stahl
1990). There is no doubt that the environmental pollution problems of today fit
the characteristics of wicked problems.

The environment is variable, complex, and difficult to predict. That diffi-
culty is in part due to imperfect scientific knowledge about environmental proc-
esses, but it is also a consequence of imperfect knowledge about economic,
demographic, and social processes that drive environmental change and the
feedback effects of environmental change on economic, demographic, and social
processes. Sustainable pathways to address environmental and human health
challenges will only emerge if societies choose to pursue sustainable solutions
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and devote resources to successfully designing sustainable policies. Fully inte-
grating sustainability as it relates to the environment and human health requires
identifying and contending with tradeoffs within complex economic, cultural,
and political systems. Addressing the emerging challenges that EPA faces will
require not only good science and technologies, but data and information from
disciplines such as social, behavioral, and decision sciences and the integration
of broader frameworks that will allow a systems approach to assessing and man-
aging issues.

Frameworks for Incorporating Human—-Environment Interactions

To respond effectively to complex and rapidly changing problems, it will be
important for EPA to strive toward incorporating a broader array of interactions
between humans and the environment into its regulatory and decision-making
processes, identify optimal ways to advance core human development and sustain-
ability goals, understand the tradeoffs that necessarily accompany decisions about
specific ways to use environmental resources, and align response options with the
level of governance at which options can be most effective. Several frameworks
have been developed to identify and incorporate the full array of interactions be-
tween humans and the natural environment into planning and evaluation. The
framework proposed by the Millennium Ecosystem Assessment (MEA) (MEA
2003, 2005) is useful because it includes the intrinsic value of biodiversity and
ecosystems and recognizes that people use multiple criteria when making deci-
sions about how to use the environment. The MEA framework focuses particular
attention on the linkages between ecosystem services and human well-being (Fig-
ure 1-1) and also stresses the roles of science and engineering as direct and indi-
rect drivers of environmental change. Similar frameworks have been developed by
committees of the National Research Council (NRC) (NRC 2000, 2004) and
EPA’s Science Advisory Board (EPA SAB 2002, 2009). The Heinz Center (2002,
2008) also developed a comprehensive framework for assessing the state of the
nation’s ecosystems.

The frameworks highlight the importance of a comprehensive conceptual
model of the environmental system that includes its structural elements, compo-
sitional elements, and dynamic functional properties. They also all direct atten-
tion to the supporting services (primary production, nutrient cycling, and soil
formation) that are necessary for the generation of all other ecosystem services.
EPA can draw upon those frameworks and increase its use of systems thinking
as it incorporates new knowledge and technical tools into its science and man-
agement activities. Taking advantage of those types of frameworks will require
scientific consortia that can provide an improved understanding of the problem,
create opportunities for interactions between diverse areas of specialization, and
integrate knowledge to identify effective solutions. This is a large job for any
single agency or organization, so it will be imperative that networks and partner-
ships be created or enhanced. It will also be necessary for EPA to communicate
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with a wide range of experts, particularly for integrating emerging work in so-
cial sciences and information technology with advances in exposure assessment
and risk assessment.

SCIENCE AND ENGINEERING AT THE
US ENVIRONMENTAL PROTECTION AGENCY

EPA has been aware of the implications of the rapid growth of scientific
data, concepts, and technical tools and has begun to incorporate many scientific
advances into its major activities. It has also made substantial efforts to compre-
hend the unprecedented complexities of emerging environmental problems and
to prepare to respond appropriately to the challenges that these developments
pose for both its research and its regulatory responsibilities. However, because
EPA is a regulatory agency and is not fundamentally a science agency, the role
EPA plays supporting science to protect the environment and human health can
sometimes be challenging.
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FIGURE 1-1 The Millennium Ecosystem Assessment conceptual framework. Indirect
drivers of change (such as demographics, economic factors, science, and technology) can
cause changes in ecosystems, which in turn can have direct effects on human well-being.
These interactions can exist on local, regional, and global scales and can cause changes in
both the short term and long term. Direct and indirect feedbacks among drivers are com-
mon. For more information on this particular framework, see MEA 2003 and MEA 2005.
Source: Adapted from MEA 2003.
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Since its formation in 1970, EPA has played a leadership role in develop-
ing many fields of environmental science and engineering, from ecology to
health sciences and environmental engineering to analytic chemistry. EPA has
performed, supported, and stimulated academic research; developed environ-
mental education programs; supported regional science initiatives; supported the
development and application of new technologies; and, most important, en-
hanced the scientific information that creates a basis for regulatory decisions
(NRC 2000, 2003; Collins et al. 2008; Darnall et al. 2008; Kyle et al. 2008; San-
chez et al. 2008; NRC 2011). The broad reach of EPA science has also influ-
enced international policies and guided state and local actions. Some examples
of traditional EPA science-based and engineering-based initiatives are identify-
ing emerging ecologic and health problems, monitoring trends in ecologic sys-
tems and pollution, identifying human health hazards, measuring and modeling
population exposures, developing pollution-control technologies, supporting
health-based enforcement and standard-setting, tracking environmental im-
provement, and incorporating green chemistry concepts and pollution prevention
solutions.

Environmental Protection Agency Successes

EPA has successfully contributed to the reduction of pollution and im-
proved public health, human welfare, and environmental and ecosystem quality.
Its success has stemmed largely from the establishment and enforcement of its
regulatory programs under the Safe Drinking Water Act; the Clean Water Act;
the Clean Air Act; the Federal Insecticide, Fungicide, and Rodenticide Act; the
Comprehensive Environmental Response, Compensation, and Liability Act (also
known as Superfund); the Toxic Substances Control Act; and other statutes.
Such success would not be possible without scientific and engineering support
within the agency and outside by universities, colleges, and partnering agencies
and companies. An example of EPA’s success involves the regulation of air pol-
lutants. Many conventional air pollutants have been dramatically reduced over a
20-year period (Figure 1-2)—a demonstration of the remarkable success that the
United States has achieved by amending and enforcing the Clean Air Act. It is
expensive to implement the Clean Air Act, but it has resulted in improved eco-
nomic welfare, including better health, improved labor productivity, and less
morbidity and mortality due to air pollution (EPA 2011b).

As shown in Table 1-1, there have been large declines in the emissions of
nitrogen oxide gases, volatile organic compounds, carbon monoxide, sulfur di-
oxide, lead, and particulate matter smaller than 10 um in diameter and smaller
than 2.5 um in diameter over the last 30 years. Despite a doubling of the US
gross domestic product during that period and large increases in vehicle-miles
traveled, population, energy consumption, and carbon dioxide emissions, regula-
tion of the transportation and industrial sectors has reduced emissions of con-
ventional air pollutants and brought about cleaner air (see Figure 1-2).
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FIGURE 1-2 Gross trends in drivers and aggregate emissions since 1980 in the United

States. Source: EPA 2012a.

TABLE 1-1 Change in Conventional Air Pollutant Emissions Over the

Last 3 Decades

Carbon monoxide (CO)

Lead (Pb)

Nitrogen oxides (NOy)

Volatile organic compounds (VOCs)

Direct particulate matter less than 10 pum
in diameter (PM;)

Direct particulate matter less than 2.5 pm
in diameter (PM, )

Sulfur dioxide (SO,)

Change, %
1980-2010 1990-2010 2000-2010
71 -60 -44
-97 -60 -33
-52 -48 4]
-63 -52 -35
-83* -67 -50
S -55 -55
-69 -65 -50

“Direct PM;, emissions for 1980 are based on data since 1985.

b .- Trend data not available.
Source: EPA2012a.
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In 2010, in recognition of the agency’s 40th anniversary, a distinguished
group of environmental professionals representing government, nongovernment
organizations, and the private sector assembled to identify EPA’s key achieve-
ments (Aspen Institute 2010). The list included removing lead from gasoline to
improve air quality and children’s health, reducing acid rain to improve water
quality in lakes and streams, reducing exposure to second-hand smoke by identi-
fying environmental tobacco smoke as a human carcinogen, spurring improve-
ments in vehicle efficiency and emission control, testing requirements and en-
couraging “green chemistry”, banning widespread use of dichlorodiphenyltri-
chloroethane (DDT), encouraging a shift to rethinking of waste as materials, and
highlighting concerns about environmental justice. EPA scientists and engineers
have been at the center of each of those accomplishments, developing cutting-
edge tools for modeling and monitoring natural and engineered environmental
systems, designing regulatory approaches to encourage private-sector innova-
tion, and interpreting health and ecosystem science that is generated by external
sources to inform policy decisions (EPA 2012b,c¢).

EPA’s role in advancing environmental science and engineering contin-
ues. The agency leads research and development efforts, such as codevelopment
of a system that provides early warning for water utilities to detect potential con-
tamination (EPA 2011c). The agency is leading efforts to transform chemical
toxicity testing by developing a cutting-edge computational toxicology center
via unprecedented trans-federal collaborations with the National Institutes of
Health (especially the National Institute of Environmental Health Sciences and
the National Toxicology Program) and the Food and Drug Administration (EPA
2012d). This interagency cooperation has resulted in the development of Tox21.
The agency also leads work with Canada to assess the condition and protection
of the Great Lakes (EPA 2009). EPA is the only major agency that is supporting
the development of new molecular methods for assessing viruses in groundwa-
ter, Cryptosporidium and other emerging pathogens in water, and microbial
source tracking tools for addressing impairment. And EPA continues to play a
leading role internationally in advancing the scientific understanding of conti-
nental-scale and global-scale atmospheric chemistry and transport with recent
efforts to refine models for short-term forecast applications and efforts to under-
stand how air-quality problems might be affected by long-term climate change.

Challenges Facing the Environmental Protection Agency

EPA scientists and engineers are addressing some of the nation’s most
complex technical challenges, such as standard-setting for chemical pollutants,
dealing with emerging waterborne pathogens, and protection of air and water
resources. Owing to its legislative mandates, EPA investigations are often initi-
ated in response to a crisis or new information that identifies a hazard to human
health or the environment. Much of EPA’s science has been reactive, addressing
problems after they have become widespread and focusing on cleanup or “end of
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pipe” solutions, rather than proactive and oriented toward long-term goals that
will help the agency to address and possibly prevent environmental problems in
the future.

Today, despite its considerable successes, science at EPA is facing un-
precedented challenges. An NRC report, Science and Decisions: Advancing Risk
Assessment, identified new approaches to formulate environmental problems,
assess risks, and evaluate decision options (NRC 2009), which would facilitate
systems thinking and innovative problem-solving discussed in the current report.
Another recent NRC report, Sustainability and the U.S. EPA, identified broader
tools incorporating economics and social sciences for evaluating decision op-
tions and formulating research programs (NRC 2011). By acknowledging past
achievements and current efforts but also recognizing the many challenges that
EPA faces, the current report seeks to provide advice on the initiation of new
directions and approaches for science at EPA to ensure that the agency continues
to generate and make effective use of the world-class science and engineering
that are needed to accomplish its mission. Specific challenges that EPA faces
today and will likely face in the future and tools and technologies to address
them are elaborated on in Chapters 2 and 3 of this report.

THE COMMITTEE’S TASK

EPA asked NRC to assess independently the overall capabilities of the
agency to develop, obtain, and use the best available scientific and technologic
information and tools to meet persistent, emerging, and future mission chal-
lenges and opportunities. Those challenges and opportunities include new and
persistent environmental problems, changes in human activities and interactions,
changes in public expectations, new risk-assessment and risk-management para-
digms, new models for decision-making, and new agency mission requirements.
EPA asked that special consideration be given to a potentially increasing em-
phasis on transdisciplinary approaches, systems-based problem-solving, scien-
tific and technologic innovation, and greater involvement of communities and
stakeholders. NRC was also asked to identify and assess transitional options to
strengthen the agency’s ability to pursue the aforementioned scientific informa-
tion and tools. In response, it convened the Committee on Science for EPA’s
Future, which prepared the present report. The committee’s full statement of
task is provided in Appendix A, and biographic information on the committee is
in Appendix B.

To accomplish its task, the committee held six meetings from June 2011 to
April 2012. The first two meetings included public sessions during which the
committee heard from several EPA staff and from a principal investigator at the
National Institute of Environmental Health Sciences. In writing its report, the
committee gathered information through communication with EPA staff, from
resources on EPA’s website, peer-reviewed scientific literature, and reviews and
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reports written by numerous other government agencies, nongovernment organi-
zations, and independent advisory groups.

ORGANIZATION OF THE REPORT

The committee’s report covers a broad array of topics that reflect EPA’s
expansive scope to protect human health and the environment and its leadership
role in local, state, and international science. In addition to EPA’s need to pro-
vide scientific information that will act as the basis of regulatory decision-
making, it plays a role in stimulating and supporting academic research, envi-
ronmental-education programs, and regional science initiatives and in providing
support for safer technologies. Science is needed to support EPA as both a regu-
latory agency and as a leader in environmental science and engineering. While
this report focuses on the issues of science, data, and information management,
it recognizes that the policy changes facing EPA and environmental protection
more broadly are important.

This report is organized into six chapters and four appendixes. Chapter 2
discusses persistent challenges that EPA is facing now and emerging challenges
that may be important to EPA in the future. In the context of those challenges,
Chapter 3 aims to provide information on emerging tools and technologies for
environmental protection and the application of those emerging tools and tech-
nologies. Chapter 4 addresses approaches for EPA to remain at the leading edge
of environmental science and engineering, to evaluate and synthesize leading-
edge science to inform decisions, to deliver science within and outside the
agency, and to strengthen its science capacity. Specific details related to “—
omics” technologies and information technology are elaborated on in Appen-
dixes C and D, respectively. Chapter 5 specifically addresses enhanced science
leadership and scientific capacity at EPA. Chapter 6 summarizes the commit-
tee’s main findings and recommendations.

The committee uses the word science in this report in two distinctive
ways. One refers to the processes—collectively called the scientific method—by
which new information is generated (that is, research). The second way refers to
the body of knowledge produced by scientific methods—that is, the resulting
data. EPA both conducts high-quality research and uses scientifically generated
information in many ways. The challenges and tools and technologies that the
committee discusses are meant to be examples of the types of problems EPA
faces now, the types of problems EPA could potentially face in the future, and
the types of tools and technologies that could help to solve current, persistent,
and emerging environmental challenges. The committee cannot anticipate all of
the problems of the future and the tools and technologies that will be needed to
address those problems, so it has focused on describing a framework that will
help EPA to be better prepared in the future. Some of the committee’s findings
and recommendations concern the agency’s science programs, and many are
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related to EPA’s role in synthesizing data to inform policy decisions and the
establishment of regulations, and to stimulate thinking in new ways. The
mechanism or mechanisms through which EPA chooses to address the recom-
mendations will depend on its funding, its priorities, and what environmental
science and engineering areas it wants to focus its efforts on in the future. Be-
cause the committee’s report will become dated as science evolves and as les-
sons continue to be learned about best practices for protecting human health and
the environment, it may be beneficial for EPA to carry out a similar type of ex-
ercise at regular intervals in the future.
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Challenges of the 21st Century

Efforts of the US Environmental Protection Agency (EPA) to address en-
vironmental degradation over the last 40 years have had some marked successes,
including reductions in particulate and sulfur air pollution, reductions in indus-
trial discharges in waterways, and removal of lead from gasoline. Yet enormous
challenges remain. Although many of the more visible environmental problems
have been at least partly addressed, persistent problems and new problems affect
the environment’s ability to provide the ecosystem services on which humans
and other living organisms depend.

Solving current environmental challenges—for example, nutrient overload
and eutrophication, climate change, increased body burdens of diverse chemi-
cals, and water-quality declines—requires understanding the nature of the prob-
lems and their relationships to other phenomena. In particular, solving environ-
mental challenges requires consideration of root causes and possible unintended
consequences of interventions in domains not normally considered. Developing
a strong understanding of how various key drivers can affect multiple phenom-
ena relies on the expansive application of systems thinking. Identifying viable
and sustainable solutions that will optimize economic, social, and environmental
benefits should have high priority. Ensuring that EPA has the scientific capacity
to promote those solutions requires a science strategy that builds on accom-
plishments but includes innovative and diverse tools.

Current and future environmental challenges also include disasters, which
require EPA to have an ability to respond quickly to address environmental con-
sequences. Those disasters can arise from natural events such as storms, earth-
quakes, and volcanic eruptions; from accidents at major industrial facilities, such
as pipelines, large bulk-storage facilities, mines and wells, and power and
chemical plants; or as the direct or indirect consequence of terrorism events.
EPA is and will continue to be responsible for monitoring and addressing the
environmental changes resulting from disasters (whether natural or human-
caused).

27
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Chapter 2 discusses major factors that lead to environmental change and
some of the persistent challenges that EPA will likely continue to face in the
coming decades. The committee cannot predict with certainty what new envi-
ronmental problems EPA will face in the next 10 years or more, but it can iden-
tify some of the common drivers and common characteristics of problems. The
specific topics discussed in this chapter were identified based on committee ex-
pertise and a review of the scientific literature. This chapter is not meant to be an
exhaustive list of all factors leading to environmental changes or of all persistent
and future environmental challenges. Instead, the chapter is meant to provide
some illustrative examples of the types of problems facing EPA today and some
of the factors that create and influence those problems.

MAJOR FACTORS LEADING TO ENVIRONMENTAL CHANGE

Major socioeconomic factors are directly and indirectly driving environ-
mental changes and are increasing the imperative for EPA to maintain and
strengthen its environmental research efforts. Those socioeconomic factors are
often reflected in population growth and migration, demographic shifts, land-use
change and habitat loss, increasing energy demand and shifting energy supplies,
new consumer technologies and consumption patterns, increasing emissions of
greenhouse gases, and movement of organisms beyond their traditional ranges,
which in turn have implications for the scientific knowledge that is required to
inform policy decisions at EPA effectively. EPA will be challenged in coming
years to adapt to rapid changes in scientific knowledge, society, and the envi-
ronment. An increased awareness of the effects of human activity on human
health and the environment has raised people’s concern regarding the issues that
the agency is charged with addressing.

Population Growth

It took until 1800 AD for mankind to reach a population of 1 billion peo-
ple, but only required 123 more years to reach 2 billion, 33 more years to reach
3 billion, and about 13—14 more years for each additional billion people thereaf-
ter (UN 1999). In October 2011, the worldwide population hit 7 billion (UN
2011). With the dramatic increase in population, human activities have altered
and will continue to alter an ever-increasing portion of Earth’s surface (Wulder
et al. 2012). Such activities have diminished natural ecosystems and the benefits
that they provide, including water purification, flood control, climate modera-
tion, and new crop plants.

In the United States, the population continues to increase at approximately
1% per year (US Census Bureau 2012). This population growth contributes to
such environmental effects as increased emissions of greenhouse gases due to
energy use, transportation demand, and residential and commercial activities
(EPA 2011a); increased consumption of resources (Worldwatch Institute 2011);
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increasing numbers of manufactured chemicals and products introduced into the
environment (EPA 2011a); and increased food and water demand and concomi-
tant changes in land use (NRC 2011). Those demographic, consumption, and
production changes contribute to the challenge of addressing environmental
problems and health outcomes as increasing amounts of land and resources are
demanded to meet human wants and needs.

Changes in Land Use

Land use is a major factor driving environmental quality. Land use
strongly influences water quality through runoff, water quantity through influ-
ence on the hydrologic cycle, air quality through emissions and deposition and
carbon storage in terrestrial landscapes, and biologic diversity through habitat
loss, disturbance, and resource availability. In the United States, changes in land
use result largely from expansion of urban and agricultural areas, energy devel-
opment, and changes in forestry practices.

Population growth and demographic transitions have increased the re-
quirement of land area for residential, commercial, and transportation activities
(Squires 2002). In the conterminous United States, it has been estimated that up
to 45.5 million acres (2.4%) of land is characterized by impervious surfaces (in-
cluding roads, building, sidewalks, and parking lots) (Nowak and Greenfield
2012). Impervious surfaces change the hydrology and ecology of rivers (higher
peak flows and scouring of habitat) and reduce the availability of groundwater
for agriculture and other human use. In addition, the interconnected effects of
urban sprawl are numerous and complex—greater automobile use in less-
densely populated communities can lead to increased air pollution and more
sedentary lifestyles, both of which are risk factors for heart disease. Less dense
housing also increases energy use per capita and contributes to increased air
pollution and climate change and potentially to such adverse health effects as
increased asthmatic attacks (Frumkin 2002; Younger et al. 2008; Brownstone
and Golob 2009).

Despite increased demand for food and fuel, the land area dedicated to ag-
riculture has not increased substantially over the last few decades. In the United
States, acreage devoted to corn has increased over the last 10 years, but total
agricultural acreage has been largely unchanged. Agricultural productivity has
increased as a result of major investments in research by both the public and
private sectors, but there is still uncertainty as to whether the increase can be
maintained and, if so, whether it would have associated environmental costs. For
example, without substantially increased nutrient-use efficiency, increased
amounts of fertilizers will be applied per acre of agricultural land, and therefore
increased amounts of those nutrients will be lost to the environment. If increased
productivity is not maintained, more acres will need to be devoted to agriculture,
probably at the expense of marginally productive lands and natural ecosystems.
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Increased demand for bioenergy, wind, and solar-power plants may also
place additional pressure on land resources. Beyond ethanol-based biofuels,
much of the bioenergy used in power generation is likely to come from forest
biomass through increased use of harvesting residues and (potentially) increased
harvesting. Forest ownership patterns have shifted over the last 20 years as a
result of the large-scale disaggregation of the forest-products industry. That shift
has increased land-use decisions that are based on maximizing shorter-term eco-
nomic returns rather than long-term production of forest products (USDA 2006).
When combined with more intensive use of forests to meet the demand for a
shifting basket of products (largely bioenergy), shifts in forest ownership may
have increasing effects on the environment. Thus, to pursue its environmental-
protection mission effectively in coming years, EPA will need to expand its ef-
forts to monitor and understand land-use changes.

Energy Choices

Energy choices in the United States—including bioenergy, conventional
and unconventional oil and gas production, coal, and nuclear power—all have
important implications for the environment through the effects of resource ex-
traction or production, fuel combustion, and waste discharge or disposal. The
April 2010 blowout of British Petroleum’s Macondo deepwater oil well illus-
trated how devastating the unintended consequences of energy development can
be; the accident killed 11 workers and led to the largest oil spill in US history
and the closure of some fisheries in more than 80,000 square miles of the Gulf
of Mexico (NOAA 2012a). The rapid but less dramatic expansion of natural-gas
production across the United States has raised concerns about effects on local
water and air quality. There are also concerns about greenhouse-gas emissions
associated with methane leakage during production and transport, although natu-
ral gas is recognized as a fuel that inherently emits less greenhouse gas (about
half) than coal when combusted (Jaramillo et al. 2007). The comparative advan-
tages are lost at higher leak rates (that is, the rate at which methane, the primary
constituent of natural gas, is lost to the atmosphere during the production, trans-
portation, and use of natural gas) (Alvarez et al. 2012).

Another example is the production of ethanol for use as a biofuel, which
has increased rapidly in the last decade because of the desire for energy security
and renewable transportation fuels. In 2010, about 40% of US corn production
was used as feedstock for biofuel production (NRC 2011). Such agricultural and
energy choice practices can have negative environmental effects; increased pro-
duction of corn as an ethanol feedstock has resulted in increased nutrient runoff
and corresponding eutrophication of coastal waters, including the Gulf of Mex-
ico (NRC 2008, 2011). Given current water-use efficiencies, large quantities of
water are also required for irrigation and the intensification of agricultural prac-
tices can increase erosion (NRC 2008, 2011). Further research is required to
develop new perennial feedstocks that would require less tillage and have high
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nutrient-use efficiencies so that soils and nutrients would be held in place. Ulti-
mately, competition between the demand for food and the demand for land
needed for other purposes will limit the amount of biofuels that can be produced.
The extent to which new technology can alleviate those constraints is unclear
because of limitations in photosynthetic efficiency. An improved understanding
at EPA of the potential effects of new energy options and emerging technologies
would help ensure that they are pursued in ways that protect the environment
and human health. Broadly, the domain of energy is a classic example where
systems thinking would be needed, as technologic or regulatory changes influ-
encing one fuel type can have ripple effects across the life cycle of multiple fu-
els. For example, emissions requirements on power plants could reduce air pol-
lutant emissions from coal-fired power plants and decrease impacts related to
coal mining and transport, but could lead to increased use of natural gas and
hydrofracturing as an extraction technology. Systems-level analyses that take
account of these ripple effects and determine the net implications for ecologic
and human populations are crucial.

Technologic Change and Changing Consumption

Technologic innovation creates a large challenge to acquiring the envi-
ronmental data required to inform policy in a timely way. In the last 2 decades, a
revolution in electronics has led to such devices as cellular telephones, iPods,
and tablet computers. In 1980, the computer-chip industry used only 11 ele-
ments from the rare earth and platinum series metals; today it requires 60 ele-
ments, or almost two-thirds of the natural periodic table (Schmitz and Graedel
2010; Erdmann and Graedel 2011). Such technologic change not only requires
increasing production but challenges the ability of industry to recycle and re-
cover the (sometimes toxic) materials used in electronic devices. EPA is chal-
lenged to assimilate or perform research fast enough to understand the health
and environmental risks associated with the production and disposal of those
devices, let alone how to mitigate any risks. A legacy of contaminated soils in
both terrestrial and aquatic environments is a reminder that managing these
technologic challenges is not new. Increased vigilance is necessary to ensure
that future generations are not left with a legacy of contamination as has hap-
pened in the past.

Other innovative technologies—such as new chemicals, nanomaterials,
and synthetic biology—are important for economic growth. However, they also
require focused research to understand adverse human health and environmental
effects and to understand how to avoid harmful effects through safe product
design and to ensure that wastes are reused or recycled. In the face of rapid
technologic innovation, a key challenge for EPA is acquiring the scientific data
required to fulfill its mission of protecting human health and the environment
without imposing a drag on economic development (see Chapter 4). Understand-
ing how new technologies will influence the application and use of existing
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technologies will be important in ensuring the net benefit of EPA’s efforts. So-
cial-science and behavioral-science research will be critical in helping to design
and evaluate strategies for meeting that challenge.

Transport of Organisms

The geologically recent evolution of life occurred on isolated continents,
each of which evolved a distinctive biota. However, the ever-expanding move-
ment of people and goods has tended to homogenize Earth’s biota and resulted
in two increasingly serious environmental problems: the spread of animal-
vectored diseases and the invasion of exotic species. Species are transported
around the world inadvertently on ships, airplanes, and automobiles. Others are
deliberately imported for agriculture, horticulture, biologic control, and recrea-
tion (such as pets or game animals). Most do not become established in the loca-
tions to which they are introduced, and few of the ones that do naturalize disrupt
the local ecologic communities seriously. However, some do become highly
invasive, dominating ecologic communities, spreading diseases, and diminishing
the ability of other species to survive. One example is the impact zebra mussels
have had in the Great Lakes region (Pejchar and Mooney 2009). Zebra mussles
compete with some fish for zooplankton prey, clog intake pipes and impair flow
at water treatment plants, contribute to the bioaccumulation of mercury and lead,
and change nutrient balances in the water resulting in increased phytoplankton
and cyanobacterial blooms. Few studies have been done to try to estimate the
total costs of nonnative invading species at a national level; however, one study
estimates that about $120 billion is spent in the United States per year due to
environmental damages and losses caused by nonnative invading species (Pi-
mentel et al. 2005; Pejchar and Mooney 2009). Increasingly, people are intro-
duced to new exposure pathways and vectors through other animals that are po-
tential carriers of diseases to which humans and other animals lack immunity.

ENVIRONMENTAL AND HUMAN HEALTH CHALLENGES

The patterns of change briefly described above have resulted in a suite of
current and emerging environmental and human health challenges for EPA, such
as

e Human and environmental exposure to increasing numbers, concentra-
tions, and types of chemicals. Factors contributing to human and environmental
exposures include energy choices, technologic change, and changing energy
consumption.

e Threat of deteriorating air quality through changes in weather (Jacob
and Winner 2009) and through the formation of more particles in the atmosphere
from allergens, mold spores, pollen, and reactions of primary air pollutants
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(Confalonieri et al. 2007). Factors contributing to deteriorating air quality in-
clude population growth, energy choices, changing consumption, and climate
change.

e Water quality and coastal-system degradation, including challenges to
rebuild old infrastructure and address such issues as urban stormwater and by-
pass of raw sewage (NOAA 2012b). Factors contributing to water quality and
coastal-system degradation include land use, urban sprawl, climate change, and
energy systems.

e Non—point-source pollution and nutrient effects associated with agricul-
tural runoff of nutrients and soils. Factors contributing to non—point-source pol-
lution and nutrient effects include climate change, land use, and technologic
change (NRC 2011).

e Expanding quantities of waste with a wider array of component materi-
als (Schmitz and Graedel 2010). Factors contributing to expanding quantities of
waste include population growth, energy usage, technologic change, and chang-
ing consumption.

e Expanding ecologic disruptions (USDA 2012). Factors contributing to
ecologic disruptions include population growth, land use, climate change, and
transport of organisms.

The first three of the challenges listed above are discussed in greater detail
below, with some examples that illustrate the need for a better approach for ac-
cessing, obtaining, developing, and using science and engineering in the pursuit
of environmental solutions. In addition, an overarching challenge relates to the
ever expanding spatial and temporal scales at which many of these challenges
operate. Although the challenges in this chapter are only illustrative of today’s
challenges and although it is difficult to predict what emerging challenges will
dominate in the future and what global implications will arise from local-scale
environmental drivers, it is quite likely that future emerging challenges will
share key features of the examples below. Some of those key features include
complex feedback loops, the need to understand the effects of low-level expo-
sures to numerous stressors rather than high-level exposures to individual stress-
ors, and the need for systems thinking to devise optimal solutions.

Chemical Exposures, Human Health, and the Environment

Human health is inextricably linked with ecosystems and the quality of the
environment. Since the beginnings of the discipline of public health, it has been
recognized that most diseases are influenced by three factors: the agent (chemical,
biologic, or physical), the host (genetic or behavioral), and the environment
(physical or social). Historically, the greatest advances in controlling infectious
diseases have been based on environmental improvements, such as improvements
in water quality, sewage treatment, and food protection. Controlling chemical ex-
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posures and reducing or preventing associated health effects can be more challeng-
ing.

Although new chemicals continue to be created and enter the environment,
many of the problems they cause are not new. Cancer was among the dominant
health concerns through the early decades of EPA. Carcinogenic pollutants—
including asbestos, arsenic, benzene, hexavalent chromium, dioxin, and vinyl
chloride—were a major focus of interest in human health effects because of both
public concerns and expanded toxicologic and epidemiologic findings. Identify-
ing and controlling carcinogens was a dominant driver of EPA science, from
analytic chemistry through toxicity testing and risk assessment. While cancer
will continue to be an EPA and societal priority, other health outcomes are likely
to receive increasing attention given growing epidemiologic and toxicologic
evidence. Many of these health effects are chronic and subtle, and there is still
much to be learned. For example, hormonally active chemicals have long been
researched, but the importance of their potential health effects continues to be
elucidated. A new class of hormonally active substances receiving increased
attention are obesogens, which target lipid metabolism and may interfere with
natural hormone signaling (Kirchner et al. 2010).

Another challenge related to exposure to chemicals or other stressors is
characterizing susceptibility to adverse health effects. Susceptibility can vary
greatly in a population as a function of factors that are not often systematically
evaluated. Young children may be at greater risk for neurologic and endocrine
effects, and the elderly may be more susceptible to immune effects, cardiovascu-
lar effects, or infection. Race or socioeconomic status may increase the risk of
cumulative environmental effects that result from living disproportionally closer
to pollution sources (Bullard 2000). Poverty, stress, and lack of access to medi-
cal care decrease human resilience and the ability to adapt; disadvantaged com-
munities are at increased risk when faced with increased exposure. Genetic fac-
tors also influence susceptibility and underscore the importance of gene—
environment interaction in determining health outcomes.

Transgenerational effects and sensitive populations are also of great con-
cern for public health. Exposure to chemicals and other stressors during gesta-
tion can affect the mother, the fetus, and even the germ cells of the fetus and
lead to effects on the third generation (Holloway et al. 2007). Some research
indicates that chemical exposure in the womb can trigger epigenetic changes
much later in life. Adipose-tissue development, food intake, and lipid metabo-
lism may be altered as a result of exposure to organotins, perfluorooctanoic acid,
diisobutyl phthalate, bisphenol A, and other xenobiotic chemicals found in the
environment (Grun and Blumberg 2006). The epidemic of obesity, diabetes, and
metabolic syndrome in the United States and elsewhere indicates that research is
needed to determine whether there is a causal link to the chemicals described
above at concentrations measured in the environment. If environmental expo-
sures caused even a tiny fraction of the almost 130% increase in obesity in the
United States over the last 40 years (Wang and Beydoun 2007), they constitute
an important emerging challenge for EPA science and regulation.
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An area of increasing recognition is that of cumulative effects from the
built and social environment on health and well-being. Multiple exposures and
social factors can interact to increase risks and affect community health status.
The role of the built environment in community health is analogous to the role
of habitat change in ecologic quality. Effective environmental protection takes
into consideration all environments that are valuable to humans and natural sys-
tems, and EPA can continue to have significant impacts in this area of research.

Today and in the future, EPA will be challenged to maintain and consider
an expanding list of chemicals and potential adverse environmental health ef-
fects. Because people are being exposed to many different types of stressors that
may interact antagonistically or synergistically and because chemicals can affect
different populations in different ways, EPA will also be challenged to refine
methods to evaluate cumulative effects (EPA 2011b). New approaches to under-
standing and managing risks and to measuring health outcomes would support
more informed environmental-policy decisions.

Biomonitoring and Emerging Concerns about Exposure and Health

Biomonitoring for human exposure to chemicals in the environment has
provided a new lens for understanding population exposures to toxicants. The
Fourth National Report on Human Exposure to Environmental Chemicals
measured 212 chemicals in the US population, including 75 for the first time
(CDC 2009). The results indicated some declining loads of historical pollutants,
such as lead and polychlorinated biphenyls, but also indicated widespread popu-
lation exposure to previously unmeasured and potentially toxic chemicals. For
example, bisphenol A, which potentially has reproductive and endocrine effects,
was found in the urine of over 90% of those sampled. Bioaccumulated polybro-
minated diphenyl ethers were found in the serum of almost the entire population,
as were several polyfluorinated compounds used to impart nonstick characteris-
tics to surfaces. The report also provided improved data on pervasive exposures
to historically recognized toxicants, such as arsenic and mercury.

The “exposome” is a measure of all exposures that a person accrues in a
lifetime (see Chapter 3). It is exceedingly difficult to measure all exposures that
a person accrues in a lifetime because of the enormous variability in exposure
over space and time and to an ever-changing set of chemicals that are used by
society. Measuring such exposures in an entire population is even more difficult.
Yet the exposome is a useful concept that will be increasingly important in com-
ing years and allow the exploration of the progression of disease from an ab-
sorbed dose to a targeted health outcome, including the influence of genetic in-
formation on susceptibility and biomarkers.

Novel understanding of population exposure brings new challenges for envi-
ronmental health science. The report Biomonitoring for Environmental Chemicals
(NRC 2006) indicates the analytic methods for detecting exposures have outpaced
the science of interpreting the potential implications for human health. As the list
of biomarkers grows, EPA will face constant challenges to interpret health and
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ecologic implications, identify sources of exposure, and trace the pathways of hu-
man exposure. In addition to the traditional single-substance approach, the recog-
nition that the population is chronically exposed to low concentrations of large
numbers of pollutants will necessitate new methods for understanding cumulative
effects of multiple contaminants on health.

Air Pollution and Climate Change

EPA’s first goal in its 2011-2015 strategic plan is “taking action on cli-
mate change and improving air quality” (EPA 2010a). This goal encompasses
mandates under the Clean Air Act and other statutes, obligations under interna-
tional treaties and agreements, and executive branch commitments. The follow-
ing sections provide examples of challenges associated with understanding and
addressing air pollution and climate change.

Improving Air Quality

The Clean Air Act is designed primarily to address effects on human
health and welfare (including visibility and ecologic effects) that are due to pol-
lutants released into or produced in the ambient atmosphere. That is accom-
plished through regulations that limit emissions from a broad array of sources—
feedlots, ship engines, petroleum refineries, power plants, vehicles, and more.
The act requires EPA to protect human health and welfare through provisions
that specifically address a core set of six criteria air pollutants, nearly 200 listed
hazardous air pollutants, acid deposition, and protection of the stratospheric
ozone layer (42 USC [2008]). It also directs the EPA administrator to regulate
other air pollutants on finding they may reasonably be expected to endanger
public health and welfare. The Clean Air Act and other statutory mandates give
rise to the need for improved scientific and technical information on health ef-
fects, human exposures, ecologic exposures and effects, ambient and emission
monitoring techniques, atmospheric chemistry and physics, and pollution-
prevention and emission-control methods for hundreds of pollutants.

Beyond the outdoor air-quality focus under the Clean Air Act, some pro-
grams are designed to address indoor air quality. Many Americans spend 65% to
over 90% of their time indoors (Allen et al. 2007; Wallace and Ott 2011). Expo-
sures to certain pollutants released from building materials and consumer prod-
ucts are often substantially greater indoors than outdoors (Hoskins 2011). EPA
has extensive authority over chemicals and microbial agents found or used in the
indoor environment under environmental laws including the Toxic Substances
Control Act and the Federal Insecticide, Fungicide, and Rodenticide Act. It also
sets the guideline for acceptable levels of radon in indoor air. EPA is a leader in
understanding the dynamics of vapor intrusion from soil gas into buildings and it
conducts research on human exposure in the indoor environment and corre-
sponding health effects (EPA 2005, 2011c, 2012a,b,c).
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The agency’s efforts to improve air quality continue to have high priority
despite decades of progress because the economic costs that air pollution im-
poses on society remain high. For example, Hidden Costs of Energy: Unpriced
Consequences of Energy Production and Use (NRC 2010) estimated that the
aggregate damages in the United States associated with air pollution from the
country’s coal-fired power plants were at least $62 billion in 2005 and that air
pollution from motor vehicles contributed at least another $56 billion in dam-
ages. The Clean Air Act is an expensive law in terms of compliance, but it still
has a highly positive benefit-to-cost ratio (EPA 2011d). EPA recently issued a
report called The Benefits and Costs of the Clean Air Act from 1990 to 2020
(EPA 2011d). According to that study, the direct benefits from the 1990 Clean
Air Act amendments are estimated to be almost $2 trillion by the year 2020,
exceeding costs by a factor of more than 30 to 1.

Impacts of Climate Change

In the last several decades, it has become clear that human activities have
had substantial effects on global climate. The global temperature has increased
by an average of 0.6°C since 1901 (IPCC 2007) and variability has increased as
well, especially in patterns of precipitation and runoff. That pattern led Milly et
al. (2008) to conclude that “stationarity is dead” ' in the context of water-
resource management and to suggest that a new paradigm is needed for dealing
with the fact that human society can no longer count on the conformity of mean
precipitation—or even variability in annual precipitation—to historic patterns.
Many climatologists, while concerned about the increase in mean global tem-
perature, are focused on the changes in extreme temperatures and precipitation
(such as floods and droughts) because the extremes cause greater social and eco-
logic disruption than a shift in average temperatures. Climate change may be the
most obvious example of the need for systems thinking in policy-making, given
complex interactions between regional air quality and climate change and the
numerous pathways by which the environment and human health can be influ-
enced. Many of the factors discussed earlier in this chapter will have direct and
indirect influences on climate change, which will itself influence land use pat-
terns and other drivers.

There is evidence that the climate change that has occurred in recent dec-
ades has made it harder and more expensive to address air-quality problems
(see, for example, Bloomer et al. 2009 and IWGSCC 2010). Furthermore, there
is strong scientific consensus that in coming decades climate change is likely to
increase the frequency of heat waves, exacerbate problems with water supply
and water quality, increase the severity of storms, and disrupt ecosystems, habi-

'Stationarity is the term used when statistics (such as mean, median, variance) are
constant through time.
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tat, and food production (IPCC 2007, 2012). The scientific and technical chal-
lenges associated with the goal of taking action on climate change and improv-
ing air quality are broad and complex. Finding efficient and effective approaches
to mitigate and adapt to climate change and improve air quality requires systems
thinking and research in diverse disciplines, including environmental engineer-
ing, atmospheric sciences, biology, ecology, engineering, economics, sociology,
and public health. EPA has been involved in climate-change research and policy
development for more than 2 decades (see Box 2-1). Beyond its statutory as-
signments, EPA undertakes broader efforts to address climate change and im-
prove air quality through various approaches that include public education, con-
sumer information, technical exchanges, grants, and voluntary certification
programs.

Regulatory Drivers for Air Quality and Climate Change

EPA’s regulatory drivers in the climate-change and air-quality arena have
helped to marshal resources in and outside the agency, which has yielded sub-
stantial advances in scientific understanding and technology. For example, des-
ignation of particulate matter and photochemical oxidants as criteria pollutants
under the Clean Air Act has led to thousands of epidemiology and toxicology
studies that have improved the understanding of associated health effects and
provided the scientific basis of standard-setting and regulatory efforts. In con-
trast, one challenge posed by regulatory drivers is the blind spots that they create
for issues deemed outside the scope of regulatory authority or issues that have
lower priority because of later deadlines or milder penalties for noncompliance.
For example, EPA recognizes both indoor pollution and outdoor air pollution as
posing important health risks, but the agency places relatively low priority on
indoor air-quality research due to lack of a regulatory mandate. The structure of
the Clean Air Act has also encouraged heavier emphasis on criteria pollutants
over other hazardous air pollutants, human health over ecosystem effects, and
industrial sources over agricultural sources of pollutants. EPA faces a challenge
in trying to balance its own research portfolio between issues that arise out of its
regulatory mandate and issues that warrant attention from the perspective of
human health and welfare but for which there is no legislative mandate. Ap-
proaches for how EPA can support and promote science and engineering in the
face of these challenges are discussed in Chapters 4 and 5.

Continued research efforts and leadership are important for a strong un-
derstanding of the health effects and fate and transport of conventional air pol-
lutants, including both hazardous air pollutants and criteria pollutants, and un-
derstanding the synergistic effects of air-pollutant mixtures. EPA would benefit
from advancing the understanding of sources, transformations, and transport of
pollutants, including improved quantification and forecasting of international
contributions to US air-quality challenges (for example, mercury deposition and
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BOX 2-1 Environmental Protection Agency Involvement in Climate Change

The Global Change Research Act of 1990 established a framework for
federal research that continues today as the US Global Change Research
Program. EPA is one of 13 agencies and departments participating in the
program and has special responsibility for research to assess consequences
of global change for air and water quality, aquatic ecosystems, and human
health. EPA is responsible for the greenhouse-gas inventory that the United
States submits to the secretariat of the United Nations Framework Conven-
tion on Climate Change, which the United States ratified in 1992. In 2007,
the US Supreme Court held that EPA is responsible for regulating green-
house gas emissions as air pollutants under the Clean Air Act if the adminis-
trator finds that the act’'s endangerment condition is satisfied. EPA Adminis-
trator Lisa Jackson made that finding in December 2009. Accordingly, the
agency has set greenhouse-gas emission standards for motor vehicles and
is moving forward with greenhouse-gas emission regulations for stationary
sources. The Consolidated Appropriations Act of 2008 required EPA to
promulgate requirements for large sources of greenhouse-gas emissions to
track and report these emissions.

ozone nonattainment). As it grapples with climate change, this type of research
would give the agency better understanding of interactions between climate
change and air quality with respect to both atmospheric responses and opportu-
nities for mitigation.

Water Quality

During the 1970s, key legislation that focused on developing sound poli-
cies for protection of surface water and groundwater was passed, including the
Clean Water Act and the Safe Drinking Water Act. Both concentrated on water
quality and public health, but the presence of different goals, approaches, and
targets led to fragmented water science and research agendas (Table 2-1). It has
long been argued that a harmonization of the two acts is needed, and some view
a national water quality policy as a threat to or a necessity for achieving secure
and safe water supplies and addressing key challenges in the future.

Drivers of Water-Quality Policy

The major drivers for developing national research and science agendas
are focused on looming water problems. Since 1970, although understanding of
hydrologic systems has advanced, water problems have been overshadowed by
the challenges and rapid changes in land use and economic systems (Langpap et
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al. 2008). Provision of a safe and sustainable supply of water for humanity is
widely expected to be one of the central issues of global politics and economics
during this century. Water is also closely tied to many other leading sustainabil-
ity issues such as energy, climate, and food security. Given increasing demands
on freshwater supplies, particularly in the more arid regions of the western
United States, the challenges of providing clean water are prominent today and
will likely continue to be a concern in the future. Demands include domestic
uses (potable and landscaping), agricultural uses, and support of ecosystems and
biodiversity, and global change will exacerbate the tension among those de-
mands.

The climate—water nexus presents new challenges and will require sub-
stantial investment in scientific research for managing this stressed resource in
regions where water is scarce and in regions where water is plentiful. Regions
experiencing water stress are projected to double by 2050 as a result of climate
change (Bates et al. 2008). There is evidence that global climate change will
increase the threat to human health, ecosystems, and socioeconomic conditions
(IPCC 2007). As previously discussed, there will probably be direct effects on
human health due to weather and climate extremes (for example, extremes in
temperature and precipitation) and disasters caused by these extreme weather
events (such as heat waves, floods, and hurricanes) (IOM 2009). Water is at the
heart of understanding climate-change threats, and a new strategy for interdisci-
plinary research programs is imperative if the threat is to be handled without
large adverse effects.

TABLE 2-1 Some Contrasts between the Clean Water Act and the Safe
Drinking Water Act

ISSUE Clean Water Act of 1972 Safe Drinking Water Act of 1976
Goals » Swimmable, fishable water * “Safe” drinking water as defined

* Ecologic quality addressing by maximum contaminant levels

ambient waters and discharges for final drinking-water or

* Standards developed at the performance standards

state level * Nationally consistent standards
Technology - Little advancement in routine * New monitoring tools

wastewater treatment or monitoring ¢ New treatment technology to address

* Technologic advances associated new contaminants

with state efforts in wastewater * Sensor technology associated with

reclamation distribution systems and water security
Science * Impaired waters and development  * Advancement of risk-assessment

of hydrologic models frameworks and methods

* Predictive modeling * Groundwater models

* Source tracking methods using * National databases

molecular tools
Policies * Beaches Environmental Assessment e+ Contaminant Candidate List

and Coastal Health Act
* Nutrient criteria
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The ability to meet the global need for an adequate water supply will come
from new scientific insights that span traditional disciplines and from innovative
policy based on that science. Global water-research agendas have begun to ad-
dress needs in the various elements of science, engineering, technology, and
policy—drought and flood initiatives associated with climate variability, mitiga-
tion of water-related disasters, enhancement of water quality, emerging con-
taminants, interactions between water and food security, water and human set-
tlements, groundwater sustainability, advanced water-treatment technologies,
and ecohydrology. Related cross-cutting issues include the building of research
and technology capacity, education, governance, and international relationships
associated with water.

In addition to being driven by evolving water-quality problems, water-
policy change is likely required to respond to tightened public budgets and in-
creased concerns about efficiency in water-quality regulation (Stoner 2011). For
example, water-pollution control in agriculture, a leading cause of non—point-
source pollution problems in the United States, has been pursued largely through
voluntary compliance strategies supplemented by public assistance through the
adoption of pollution control practices. Reduced federal and state budgets may
require significant policy innovations if water-quality goals are to be achieved
with reduced financial support (Shortle et al. 2011).

Water Technology and Infrastructure Research

Monitoring technology is a vital component of water science. Emerging
concerns about contaminants have appeared dramatically (for example, the out-
break of Cryptosporidium in Milwaukee, Wisconsin; Mac Kenzie et al. 1994)
and resulted in the need for tools to be developed quickly or have arisen via ad-
vances in analytic capabilities (for example, identification of pharmaceuticals in
the water supply). (See Chapter 3 for a discussion of these tools.) Although the
health effects of some contaminants are clear, in most cases there are a host of
reasons why the Clean Water Act and the Safe Drinking Water Act have re-
sulted in a limited record of accomplishments. Some of those reasons include,
low concentrations found in water, specific limitations of the methods for patho-
gen recovery and viability assessment, failure to understand whether ingestion
or inhalation pathways are important, and inability to reconcile ecologic risks
and human health risks. The inadequate investment in scientific inquiry associ-
ated with sources, transport, and fate of contaminants has led to much uncer-
tainty about the most effective risk-reduction management approaches.

Advances in other fields have had important impacts on water science.
Nanomaterials, discussed further in Chapters 3 and 4, are a case in point. Al-
though nanomaterials have the opportunity to support novel water-treatment
approaches and more efficient disinfection, there is heightened concern about
nanoparticles as a contaminant and about the inability to measure and monitor
their fate. Nonetheless, nanomaterials may play a role in “tunable” reactive
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membranes for desalination, water reuse, and disinfection in the future (Savage
and Diallo 2005; Wiesner and Bottero 2007). Various nanostructured catalytic
membranes could be used to selectively kill pathogens in drinking water, re-
move ultratrace contaminants from wastewater for water reuse, or provide bio-
active degradation of pharmaceuticals or hormonally active substances from
drinking water.

A very basic problem in the near future is how to replace existing, aging
infrastructure in the face of a growing population and declining resources. Much
of US water and wastewater infrastructure is nearly 100 years old and in dire
need of modernization and replacement. The American Society of Civil Engi-
neers grades the US water and wastewater infrastructure as “D-". It estimates the
5-year investment needed for America’s infrastructure is over $2.2 trillion dol-
lars (ASCE 2009). In some cases, the best designs for replacing current infra-
structure may be radically different from the past (decentralized vs. centralized;
large built structures vs. small green infrastructure; and low impact develop-
ment, water reuse, or desalinization). Science and engineering research, coupled
with systems-thinking approaches that take account of the numerous implica-
tions of water infrastructure, will determine the most cost-effective processes
and infrastructure.

Nutrient Pollution

Nitrogen and phosphorus are essential nutrients that control the growth of
plants and animals. However, problems occur when excess inputs cause large
increases in aquatic plant and algal growth and in turn changes in plant and algal
species (Bushaw-Newton and Sellner 1999). Decaying algal blooms consume
dissolved oxygen, and this leads to hypoxic conditions that are harmful or
deadly for many aquatic organisms. Nutrient pollution can cause important eco-
nomic losses through damage to commercial and recreational fisheries, restric-
tions on contact-based water recreation, and disamenities (EPA 2012d). Nitrates
also pose a human health risk when present at high concentrations in drinking
water.

Water-quality conditions reported by states under the Clean Water Act in-
dicate that at least 100,000 miles of rivers and streams; nearly 2.5 million acres
of lakes, reservoirs, and ponds; and over 800 square miles of bays and estuaries
across the United States are listed as impaired and not meeting state water-
quality goals as a result of nitrogen and phosphorus enrichment (EPA 2012a).
Only a small fraction of the nation’s total water resources are currently assessed,
so those values are underestimates of the spatial extent of nutrient-impaired wa-
ters (EPA 2006, 2010a). Diaz and Rosenberg (2008) found that dead zones in
the coastal oceans of the world have increased exponentially since the 1960s,
and many of them are located along the US Atlantic and Gulf of Mexico coasts.
Harmful algal blooms have been reported in virtually all US coastal waters
(Bushaw-Newton and Sellner 1999), and symptoms of eutrophication have been
found in 78% of the assessed continental US coastal area (Selman et al. 2008).
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Excess nutrients reach surface-water resources in direct discharges from
point sources (for example, municipal wastewater-treatment plants) and from
diffuse non—point sources (for example, nutrient runoff from farmland, urban,
and suburban areas and air pollution). Because the nutrient-use efficiency of
crops is less than 100%, farmers need to apply more nutrients to their fields than
the plants need for healthy growth. The challenge for all farmers is to add fertil-
izer at the optimal time and rate and then to keep the nutrients in the field. Con-
comitant with the substantial increases in agronomic yields that have allowed
agriculture and fish production to meet the food needs of 7 billion people has
been a need for higher rates of application of fertilizers, which have exacerbated
runoff, limited the effectiveness of strategies for remediating eutrophication, and
resulted in production of nitrous oxide as a byproduct of nitrification and denitri-
fication processes. (Nutrient sources for the Chesapeake Bay and the Gulf of
Mexico are shown in Figure 2-1.) Addressing the nutrient loading will require
increased scientific understanding, including new information on pollution
sources, on emerging technologies that could be used in agriculture and in
wastewater treatment, on water quality conditions, and on the response of eco-
systems to increasing nutrient loads and shifting stochiometry. Such scientific
understanding can be gained only through integrated research.

The Chesapeake Bay, North America’s largest estuary, offers a highly
instructive example of contributions made by EPA and allied researchers to a
more fundamental understanding of the physical processes that lead to the ef-
fects of nutrient pollution. Substantial reductions in nutrient discharges from
sewage-treatment plants, factories, and other point sources of pollution have
been achieved in the bay watershed since the 1970s but are insufficient to
meet water-quality goals. The challenges faced by the Chesapeake Bay eco-
system are shared by many other ecosystems, but the differences among them
make the required research and the effective tools for addressing the chal-
lenges more complex. For example, 500 km to the north of the Chesapeake
Bay lies Narragansett Bay. Although smaller than its southern cousin, it shares
many historical and ecologic characteristics; but the challenges faced today by
the Narragansett Bay (where EPA’s Atlantic Ecology Division Laboratory is
located) have developed in very different ways. The region has historically
been dominated by agricultural activity, but that is no longer the case. Today,
Narragansett Bay suffers from excess nitrogen inputs, largely from upstream
wastewater-treatment facilities (Pryor et al. 2007). The upper reaches of the
bay have been closed to shellfishing and swimming for decades. In 2004,
Rhode Island mandated a minimum standard for effluent nitrogen from the
wastewater facilities within its jurisdiction, yet the science suggests that with-
out concomitant reductions in nitrogen from wastewater facilities upstream on
the Blackstone River in Massachusetts and reduction in nitrogen inputs that
result directly and indirectly from air pollution, restoring the waters of the
upper bay will be difficult (see Figure 2-2). Narragansett Bay, as a result of
the large influence of sewered effluents, should be one of the easiest places to
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address chronic water-quality deterioration, but it has proved elusive even
there.

Nutrient (nitrogen and phosphorus) pollution is one of the more persistent
and pervasive environmental problems in the United States, and it is worsening in
many locations (Howarth 2008). The volume of nutrients reaching surface water
and groundwater has increased substantially since the middle of the 20th century
as a result of a complex of factors, including population growth, changes in land
cover, increased fossil fuel combustion, and changes in the structure of agricultural
production (Selman et al. 2008). Providing the scientific foundations for the de-
velopment of policies that can reduce nutrient-pollution problems will require in-
novative economic, social-science, and natural-science research. The challenges
are particularly difficult because the hydrologic, ecologic, economic, and social
processes affecting the magnitude and scope of nutrient pollution and its conse-
quences are complex, multi-scaled, and spatially variable. To deal effectively with
this complex problem, a framework for incorporating human and environmental
interactions, such as the Millennium Ecosystem Assessment framework (see
Chapter 1) would prove useful. Nutrient pollution should be approached from a
broad perspective that uses systems thinking (see Chapter 4) and there are exam-
ples in which EPA is already taking steps in this direction with the Chesapeake
Bay Program and the New York—New Jersey Harbor Estuary Program. The prob-
lem may not be getting progressively worse, but there are still many challenges to
attaining further improvements. The prospects are that eutrophication will con-
tinue to be a challenge until policies to control nutrients are made more effective
(Cary and Migliaccio 2009; Spiertz 2009).
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FIGURE 2-1 Sources of phosphorus and nitrogen in the Gulf of Mexico and Chesapeake
Bay. Source: EPA 2010b.
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FIGURE 2-2 Narragansett Bay nitrogen loading from 1850 to 2015 under several
different scenarios. Scenario 0 (S0), current conditions and no improvements in
wastewater treatment; scenario 1 (S1), current conditions and implementation of all
mandated reductions in nutrient from wastewater-treatment plants; scenario 2 (S2), all
wastewater treatment plants have a maximum effluent nitrogen of 8 mg/L in summer,
25% reduction in nitrogen air-pollution concentrations, and 25% reduction in fertilizer
use in the watershed; scenario 3 (S3), all wastewater-treatment plants have a maximum
effluent nitrogen concentration of 3mg/L in summer, 50% reduction in nitrogen air-
pollution concetrations, and 50% reduction in fertilizer use in the watershed. Source:
Vadeboncouer et al. 2010. Reprinted with permission; copyright 2010, Estuaries and
Coasts.

Shifting Spatial and Temporal Scales

In the early days of environmental remediation and pollution control, the
problems were more obvious. One could see, indeed often even smell or taste,
the pollutants, and local causes could be easily identified. As progress has been
made in cleaning up the local problems and as more has been learned about the
health and environmental consequences of chronic low-dose exposures to di-
verse chemicals, much of the focus has moved to wider geographic areas. The
spatial scales required to understand emerging environmental issues vary widely
and are increasing as more is learned about the systems underlying the observed
phenomena.

Acid rain and photochemical air pollution are regional problems, and
monitoring, modeling, and control activities have shifted accordingly. EPA’s
long-standing involvement in regional-scale air quality monitoring and modeling
research includes the multi-agency National Acid Precipitation Assessment Pro-
gram (NAPAP 1991), which was authorized by Congress in 1980 and informed
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the acid rain provisions of the 1990 Clean Air Act amendments. EPA continues
to work with other federal and state agencies to improve understanding of the
nature and consequences of air pollutant deposition to terrestrial and aquatic
ecosystems on regional scales. More recently, EPA has conducted and supported
research linking global climate projections to regional-scale air quality (EPA
2009), which has demonstrated the potential for global climate change to exac-
erbate the challenge of meeting health-based air quality standards. Regional
long-term approaches for assessment and problem-solving have also been im-
plemented in the water quality arena, including for the Chesapeake Bay, the
Florida Everglades, and the Great Lakes Basin (Table 2-2). In the future, EPA
will need to develop a better understanding of the sources, transport, and fate of
global-scale pollutants to avoid the possibility that little improvement in envi-
ronmental quality occurs even when local investment is large. For example, al-
though lead from local sources, such as coal-fired power plants, is important,
these local emissions are superimposed on a global background of lead, some of
which is transported on intercontinental scales from both natural and anthropo-
genic sources (UNEP 2006). Mercury transport at the regional and global scale
is another example. It is not feasible for EPA to undertake all the global-scale
monitoring and modeling that are needed, but it can work proactively with other
US federal agencies (such as the National Oceanic and Atmospheric Administra-
tion, the National Aeronautics and Space Administration, and the National Sci-
ence Foundation) and with international organizations to ensure that the issues
that it most needs to understand remain high on research agendas. (See Chapter
4 for a discussion on collaboration.) Current environmental challenges are ex-
panding not only in space but also in time. Some responses to perturbations are
rapid (such as algal blooms), others are slow (such as vegetation response to
climate change). To understand how and why these effects unfold, long-term
data are needed to characterize the changes, the causes, and the potential impli-
cations of different policy options. (The needs for such data are discussed fur-
ther in Chapters 3 and 4.) Without the perspective provided by long-term data, it
is easy to assume wrongly that short-term variations in environmental character-
istics reflect substantive changes in the environment, and it is easy to miss im-
portant but subtle or slow changes in the environment.

SUMMARY

This chapter discusses some of the major factors driving changes in the
environment and gives illustrative examples of the complex and multi-
disciplinary challenges that EPA faces now and will probably face in the future.
To address those challenges, EPA will need to continue to develop and support
scientific methods, tools, and technologies that apply a systems-thinking ap-
proach to understand environmental changes and their effects on human health
(see Chapter 4).



TABLE 2-2 Large Regional Water Programs in the US Environmental Protection Agency

Watershed or Water System

Key Stressors and Issues

EPA Leadership

Science and Engineering Focus

Chesapeake Bay, North America’s
largest estuary (EPA 2012¢)

* Eutrophication caused by nutrient
enrichment

* Nitrogen

» Stressed by pressures of growing
populations, industrial pollution,
atmospheric deposition of air pollutants,
and conversion of forests to farms and
urban areas

* EPA, Region 3 Mid-Atlantic

* Chesapeake Bay: A Framework
for Action (EPA 1983a,b) provided a
framework for additional research
and policy initiatives based on the
Chesapeake Bay Program, which was
established in 1983 as a partnership of
the EPA, Maryland, and Virginia

* Developed a number of innovative
tools

* Nitrogen-removal technology at
wastewater-treatment plants

» Computer model built to simulate
how the massive 64,000-mi2 watershed
processes nutrient and sediment
allocations

Everglades, a sub-tropical wetlands
watershed Florida, which houses the
Everglades National Park (EPA 2007)

* Altered hydrology

* Mercury

* Phosphorus

* Soil erosion

* One of the most threatened
subtropical preserves in the United
States

* EPA, Region 4

* The Comprehensive Everglades
Restoration Plan is an ambitious,
multi-billion-dollar and multi-decadal
restoration program involving federal
and state governments

* EPA developed the Everglades
Ecosystem Assessment Program, which
contributes to the joint federal—state
Comprehensive Everglades Restoration
Plan

* Aquifer storage and recovery

* Ecosystem restoration

* One of the strongest aspects of
the Comprehensive Everglades
Restoration Plan science program is
its monitoring and assessment program
(see, for example, NRC 2003)

* Developed scientific tests,
experiments, and physical models

Great Lakes Basin, the largest
transboundary freshwater system in the
world (Lakes Erie, Huron, Michigan,
Ontario, and Superior and five major
connecting rivers: Detroit, Niagara,

St. Clair, St. Lawrence, and St. Mary’s)
(EPA 2011e).

* Climate change associated with
lowering lake level

« Invasive species

* Nutrients

« Pathogens

* Mercury loading (alone and with
contaminated sediments)

* Effects on community health,
tourism, fisheries, power industry, and
grids; human health and ecosystems are
seen as being at risk

* EPA, Region 5

« Great Lakes Restoration Initiative
action plan

* A Great Lakes inter-agency task
force was formed to coordinate federal
and bi-national restoration efforts

* The largest investment in the
Great Lakes in two decades

* Priority “focus areas” were
“1) cleaning up toxics and toxic hot spot
areas of concern; 2) combating invasive
species; 3) promoting near-shore health
by protecting watersheds from polluted
run-off; 4) restoring wetlands and other
habitats; and 5) tracking progress,
education, and working with strategic
partners” (MI DNR 2011)

LY
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The drivers outlined in this chapter are often overlapping and their nature
is changing over time. For example, in the United States, chemical exposures
from industrial facilities are decreasing significantly; dispersed, non-point, and
less controllable exposures from chemicals used in products may represent a
larger percentage of the current chemical burden to ecosystems and humans. As
illustrated by the degradation of the Chesapeake Bay, multiple overlapping fac-
tors, such as land use and changing land-use patterns, population growth, the
agricultural use of fertilizers and pesticides, and direct and non-point chemical
exposures may result in human and environmental effects. The complexity of
these interacting factors in environmental degradation creates great challenges
for environmental science and decision-making.

The siloed, disciplinary approaches that have often been taken to monitor
for and characterize singular types of effects and to develop control measures
will not be sufficient to understand and prevent environmental changes and their
health effects. There is a need for greater attention to understand the complex
systems in which human activities are causing effects and how those effects
interact. Ultimately, prevention of these complex effects will require greater
systematic efforts to understand the way in which products, consumptive sys-
tems (such as energy), communities, and other human activities are designed
and carried out.
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Using Emerging Science and
Technologies to Address Persistent
and Future Environmental Challenges

Chapter 2 discussed some of the broad drivers and challenges that are in-
herent to the mission of the US Environmental Protection Agency (EPA) today
and in the future. Remarkable progress has been made in the last several decades
in the development of new scientific approaches, tools, and technologies rele-
vant to addressing those challenges. The purpose of this chapter is to highlight
new and changing science and technologies that are or will be increasingly im-
portant for science-informed policy and regulation in EPA.

New tools and technologies can substantially improve the scientific basis
of environmental policy and regulations, but it is important to remember that
many of the tools and technologies need to build on and enhance the current
foundation of environmental science and engineering in the United States. In
addition, addressing the complex “wicked problems” facing EPA today and in
the future requires not only new science and technology but a more deliberate
approach to systems thinking, for example, by using frameworks that strive to
integrate a broader array of interactions between humans and the environment.
From the perspective of scientific advances relevant to the future of EPA, it will
be increasingly important that all aspects of biologic sciences and environmental
sciences and engineering—including human health risk assessment, microbial
pathogenesis, ecosystem energy and matter transfers, and ecologic adaptation to
climate change—be considered in an integrated systems-biology approach. That
approach must also be integrated with considerations of environmental, social,
behavioral, and economic impacts.

A SIMPLE PARADIGM FOR DATA-DRIVEN, SCIENCE-INFORMED
DECISIONS IN THE ENVIRONMENTAL PROTECTION AGENCY

New scientific advances, including the development and application of
new tools and technologies, are critical for the science mission of EPA. Effec-
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tive science-informed regulation and policy aimed at protecting human health
and environmental quality relies on robust approaches to data acquisition and to
knowledge generated from the data. For science to inform regulation and policy
effectively, a strong problem-formulation step is needed. Once a problem is
formulated, EPA scientists can evaluate what types of data are needed and then
determine which available tools and technologies are appropriate for gathering
the most robust data (see Figure 3-1). As described in detail in this chapter,
management and interpretation of “big data” will be a continuing challenge for
EPA inasmuch as new technologies are now capable of quickly generating huge
amounts of data. Senior statisticians are needed in the agency to help analyze,
model, and support the synthesis of that data. In many instances, large amounts
of data are directly acquired as a component of hypothesis-driven research.
However, many new technologies are also used for discovery-driven research—
that is, generating large volumes of data that may not be a derivative of a clear,
hypothesis-driven experiment, but nevertheless may yield important new hy-
potheses. In both instances, the data themselves do not become knowledge that
can be applied as solutions to problems until they are analyzed and interpreted
and then placed in the context of an appropriate problem or scientific theory. As
depicted in Figure 3-1, there are iterations and feedback loops that must exist,
particularly between data acquisition and data modeling, analysis, and synthesis.

The generation of knowledge, which can take many forms depending on
the question being addressed and the nature of the data, ultimately serves as the
basis of science-informed regulation and policy (see Figure 3-1). The committee
recognizes that scientific data constitute one—albeit important—input into deci-
sion-making processes but alone will not resolve highly complex and uncertain
environmental and health problems. Ultimately, environmental and health deci-
sions and solutions will also be based on economic, societal, and other consid-
erations apart from science. They need to take into account the variety and com-
plexities of interactions between humans and the environment. But with better
scientific understanding, regulations and other actions can be more effective and
can have better and more cost-effective outcomes, such as improved human
health and improved quality of ecosystems and the environment.

In accordance with the above discussion, it is imperative that EPA have
the capacity and knowledge to take advantage of the latest science and technolo-
gies, which are always changing. The remainder of the chapter highlights a
number of scientific and technologic advances that will be increasingly impor-
tant for state-of-the-art, science-informed environmental regulation. It also in-
cludes several examples of how emerging science, technologies, and tools are
transforming the way in which EPA will use data to address important regula-
tory issues and decision-making, and they demonstrate the need for a systems
approach to addressing these complex problems. The chapter has been organized
in parallel to the challenges identified in Chapter 2. The main topics that will be
discussed are tools and technologies to address challenges related to 1) chemical
exposures, human health, and the environment; 2) air pollution and climate
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change; 3) water quality and nutrient pollution; and 4) shifting spatial and tem-
poral scales. The chapter ends with a section on, “Using New Science to Drive
Safer Technologies and Products”, which discusses ways in which EPA can
prevent environmental problems before they arise.

The examples in this chapter are not intended to be comprehensive; rather,
they are provided to illustrate from different perspectives the many ways in
which new advances in science, engineering, and technology could be embraced
by the agency, its scientists, and regulators to ensure that the agency remains at
the leading edge of science-informed regulatory policy to protect human health
and the environment. Having assessed EPA’s current activities, the committee
notes that EPA is well equipped to take advantage of most of the new scientific
and technologic advances and that, in fact, its scientists and engineers are lead-
ers in some fields.

TOOLS AND TECHNOLOGIES TO ADDRESS
CHALLENGES RELATED TO CHEMICAL EXPOSURES,
HUMAN HEALTH, AND THE ENVIRONMENT

New technologies will be important to EPA for identifying chemicals in
the environment, understanding their transport and fate in the environment, as-
sessing the extent of actual human exposures through biomonitoring, and identi-
fying and predicting the potential toxic effects of chemicals. Current and emerg-
ing tools and technologies related to these topics are discussed in the sections
below.

Identifying Chemicals in Environmental Media

Analytic chemistry continues to improve at breakneck speed, and analytic
determinations for both metals and organic chemicals have improved exponen-
tially. Chemicals can now be detected at ever lower concentrations. For some
organic chemicals, such as chlorinated dioxins, standard EPA methods include
the routine measurement of samples in parts per quadrillion (ppq) or picograms
per liter (pg/L) (EPA 1997), which allows risk managers to characterize lifetime
uptake of exposure to various carcinogens and daily uptake rates in chronic haz-
ard quotient assessments of chemicals that were not previously detectable. Sim-
ply being able to measure concentrations of chemicals in environmental media
or blood confronts EPA with new decisions on whether to set maximum con-
taminant levels in drinking water or allowable daily intakes in food or whether
to allow states to do so independently if health effects are uncertain.

As the public learns about new methods of detection of chemicals in, for
example, their blood, their children’s blood, and the environment (water, air, and
soil), questions arise as to what such occurrences mean. Of course, the simple
detection of chemicals in relevant receptors does not necessarily imply any hu-
man health or ecologic effects. To evaluate the health implications of chemical
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exposures throughout the range of exposure levels, sufficiently large epidemi-
ologic studies that incorporate state-of-the-art analytic methods are needed (see
the section “Applications of Biomarkers to Human Health Studies”). But, even
when biologic effects are not evident (and in special cases of hormesis when
there are potentially beneficial effects), the challenge for EPA is to provide
meaningful and relevant information to potentially affected parties.

It is now possible, while testing for emerging contaminants of interest and
their metabolites, to monitor the effluent of a publicly owned wastewater-
treatment plant and determine trace quantities and metabolites of substances—
such as pharmaceuticals (licit and illicit), personal-care products, and hormones
(natural and synthetic)—that are being used and disposed of or excreted by peo-
ple in each town (Zegura et al. 2009; Jean et al. 2012; Neng and Nogueira 2012).
The mass emission factors per capita can be calculated for the chemicals without
determining individual household use. However, without better knowledge of
the environmental and human health risks of such low-dose exposures, the ad-
vanced detection capabilities do not necessarily help the agency to interpret the
results or to protect human health and the environment more effectively. One
example is mercury. On one hand, from a toxicologic standpoint, mercury is one
of the most studied elements (Schober et al. 2003; Jones et al. 2010). On the
other hand, it is still difficult to make a conclusive assessment of the health ef-
fects of mercury emitted into the environment (EPA 2011a). Finding cost-
effective research opportunities for connecting data on environmental chemicals
with environmental and health outcomes can contribute to an increase in knowl-
edge and can inform policy.

Fate and Transport of Chemicals in the Environment

EPA has long been recognized as a leader in developing computer models
of the fate and transport of chemical contaminants in the environment, a key
component in constructing models of human exposure and health outcomes, as
well as in source attribution for ecologic and human endpoints. It develops and
supports models for both scientific purposes and application in environmental
management. Although many of its models are well established and now backed
by years of application experience, EPA and the broader environmental-
modeling community face challenges to improve spatial and temporal resolu-
tion, to account for stochastic environmental behaviors and for modeling uncer-
tainties, to improve the characterization of transfers between environmental me-
dia (air, surface water, groundwater, and soil), and to account for feedback
between contaminant concentrations and environmental behavior (for example,
the effects of such short-lived radiative-forcing agents as ozone and aerosols
have on climate change). Furthermore, sources, properties, and behaviors of
some contaminants remain poorly understood, even after years of study. EPA
also faces significant challenges and opportunities for integrating models with
data from new monitoring systems through data assimilation and inverse model-



Emerging Science & Technologies to Address Environmental Challenges 59

ing techniques. Specific examples of ways in which new approaches to envi-
ronmental fate and transport modeling are enhancing the understanding of health
and ecologic impacts of pollutants are provided in the section on “Tools and
Technologies to Address Challenges of Air Pollution and Climate Change”.

Assessing the Extent of Human Exposures Through Biomonitoring

Historically, exposure research in EPA has focused on discrete expo-
sures—in external or internal environments, concentrating on effects from
sources or effects on biologic systems, and on human or ecologic exposures—
one pollutant or stressor at a time. Tools and methods have evolved for under-
taking those specific challenges, but targeted approaches have led to sparse ex-
posure data (Egeghy et al. 2012).

The broader availability and ease of use of advanced technologies are re-
sulting in a profusion of data and an overall democratization of the collection
and availability of exposure data. The US Centers for Disease Control and Pre-
vention (CDC) National Health and Nutrition Examination Survey (NHANES)
alone has provided one of the most revealing snapshots of human exposures to
environmental chemicals through the use of biomonitoring (CDC 2012). The
collaboration between CDC and national and international organizations quickly
expanded the breadth and depth of data available at the population and subpopu-
lation level. That rapid progress was predicated on the availability of better ana-
lytic methods and a national commitment to generate baseline data.

Scientific and technologic advances in disparate fields—including compu-
tational chemistry, climate change science, health tracking, computational toxi-
cology, and sensor technology—have provided unprecedented opportunities to
address the needs of exposure research. Many of the tools are more accessible
and easier to use than earlier ones and are slowly being deployed by researchers
and stakeholders, such as state agencies and public-interest groups. For example,
advances in personal environmental monitoring technologies have been enabled
because people around the world routinely carry cellular telephones (Tsow et al.
2009). Those devices may be equipped with motion, audio, visual, and location
sensors that can be controlled through wireless networks. Efforts are underway
to use them to create expanding networks of sensors to collect personal exposure
information.

As discussed in Chapter 2, biomonitoring for human exposure to chemi-
cals in the environment has provided a new lens for understanding population
exposures to toxicants. Although the analytic and technical methods discussed to
measure human exposure to environmental toxicants will continue to improve,
without better information to understand whether the dose is of sufficient magni-
tude to cause an effect, simply identifying the presence of a toxic substance may
raise more questions than it answers. Therefore, there are continuing advances
needed to measure and understand the burden of chemicals and their metabolites
in the human body.
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Recent advances in microchip capillary electrophoresis for separation and
identification of nucleotides, proteins, and peptides and advances in spectromet-
rics, such as nuclear magnetic resonance imaging and mass spectrometry, have
changed the nature of health effects monitoring. These technologic advances—
especially in genomics, proteomics, metabolomics, bioinformatics, and related
fields of the molecular sciences (referred to here collectively as panomics)—
have transformed the understanding of biologic processes at the molecular level
and should eventually allow detailed characterization of molecular pathways
that underlie the biologic responses of humans and other organisms to environ-
mental perturbations. Advances in “—omics” technologies provide EPA with a
better understanding of mechanistic pathways and modes of action that can sup-
port the risk assessment process. Also, the integration of those technologies with
population-based epidemiologic research can contribute to the discovery of ma-
jor environmental determinants, dose-response relationships, mechanistic path-
ways, susceptible populations, and gene-environment interactions for health
effects in human populations. Appendix C discusses some of the recent ad-
vances in -omics technologies and approaches, their implications for EPA,
where EPA is at the leading edge of applying the technologies to address envi-
ronmental problems, and where EPA could benefit from more extensive en-
gagement.

New high-throughput -omic and biomonitoring technologies are providing
a greater number of potential biomarkers to assess multiple exposures simulta-
neously over the course of a lifetime. The biomarkers address exposures to a
wide variety of stressors, including chemical, biologic, physical, and psychoso-
cial stressors. The exposome is now being presented as a unifying concept that
can capture the totality of environmental exposures (including lifestyle factors,
such as diet, stress, drug use, and infection) from the prenatal period on by using
a combination of biomarkers, genomic technologies, informatics, and environ-
mental exposures (Figure 3-2) (Wild 2005; Rappaport and Smith 2010; Lioy and
Rappaport 2011). The exposome, in concert with the human genome and the
epigenome, holds promise for elucidating the etiology of chronic diseases and
relevant contributions from the environment (Rappaport and Smith 2010). The
concept of the exposome will be of particular value to EPA in assessing and
comparing potential health and environmental consequences of individual
chemical exposures against previously identified risks. It may also allow for
more carefully designed and rational experiments to evaluate potential chemical
interactions that contribute to the exposome of individuals or populations.

Exposure information is a key component of prediction, prevention, and
reduction of environmental and human health risks. Exposure science at EPA
has been limited by the availability of methods, technologies, and resources, but
recent advancements provide an unprecedented opportunity to develop higher-
throughput, more cost-effective, and more relevant exposure assessments. Re-
search in this field is funded by other federal agencies and international pro-
grams, such as the National Institute of Environmental Health Sciences Expo-
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FIGURE 3-2 Characterizing the exposome. The exposome represents the combined ex-
posures from all sources that reach the internal chemical environment. Examples of toxi-
cologically important exposome classes are shown. Biomarkers, such as those measured
in blood and urine, can be used to characterize the exposome. Source: Adapted from
Rappaport and Smith 2010.

sure Biology Program; the National Science Foundation Environmental, Health,
and Safety Risks of Nanomaterials Program; and the European Commission’s
exposome initiative. Those organizations provide valuable partnership opportu-
nities for EPA to build capacity through strategic collaborations. Moreover, an
integral need for EPA in the future will be to develop processes and procedures
for effective public communication of the potential public health and environ-
mental risks associated with the increasing number of chemicals, both old and
new, that will undoubtedly be identified in food, water, air, and biologic sam-
ples, including human tissues. Risk communication strategies should include the
latest approaches in social, economic, and behavioral sciences, as discussed in
Chapter 5.

Applications of Biomarkers to Human Health Studies

Epidemiologic research plays a central role in assessing, understanding,
and controlling the human health effects of environmental exposures. In 2009,
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the National Research Council (NRC) report Science and Decisions: Advancing
Risk Assessment recommended that EPA increase the role of epidemiology, sur-
veillance, and biomonitoring to support cumulative risk assessment (NRC
2009). The most successful and current epidemiologic studies leverage multiple
resources and use highly collaborative and multidisciplinary approaches (Semi-
nara et al. 2007; Baker and Nieuwenhuijsen 2008). In the United States, a num-
ber of high-quality prospective cohort studies funded mostly by the National
Institutes of Health have followed millions of people and have collected bio-
specimen repositories (blood, urine, nails, and DNA) and sociodemographic,
genetic, medical, and lifestyle information (Seminara et al. 2007; Willett et al.
2007; NHLBI 2011). Major prospective cohort studies have also been under-
taken in other countries (Riboli et al. 2002; Ahsan et al. 2006; Elliott and Peak-
man 2008).

With some exceptions, current prospective cohort studies generally lack
information on environmental exposures. EPA can contribute to closing this gap
by, for instance, adding high-quality environmental measures to studies that
already have good followup and outcome measures. Examples of collaborations
in which EPA plays a critical role are the Agricultural Health Study (NIH 2012),
the Multiethnic Study of Atherosclerosis and Air Pollution (MESA Air) (Uni-
versity of Washington 2011), and the National Children’s Study (NRC/IOM
2008). In the National Children’s Study, the linkage of monitoring data on toxi-
cants in air, water, food, and ecosystems to individual participant data has al-
ready been explored in depth in Queens, New York, one of the Vanguard Na-
tional Children’s Study sites (Lioy et al. 2009). Budgetary and implementation
challenges for the National Children’s Study will require innovative strategies
for recruitment, examination, and followup without compromising the quality of
the science (Kaiser 2012).

Alternatively, EPA could add followup and outcome measures to studies
that have good measures of exposure, although this is likely to be more time-
consuming and expensive. At a minimum, EPA should ensure that environ-
mental indicators, including country-wide air-monitoring and water-monitoring
data, meet quality and accessibility criteria, for example, through a public data-
access system. The indicators can then be merged with individual and commu-
nity-level data in population-based studies by using geographic and temporal
criteria. Biomonitoring and modeling approaches to predict exposure and dose
and other advances in exposure science—including the exposome (Weis et al.
2005; Sheldon and Cohen Hubal 2009; Rappaport and Smith 2010; Lioy and
Rappaport 2011), -omic technologies, and complex systems approaches (Diez
Roux 2011)—could be incorporated into the prospective studies. By building
expertise and leadership in exposure assessment and by working in collaboration
with other national and international efforts, EPA can play a principal role in the
incorporation of environmental exposures into prospective cohort studies and
thus contribute to the discovery of major environmental determinants, dose—
response relationships, mechanistic pathways, and gene—environment interac-
tions for chronic diseases in human studies.
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Environmental informatics plays an important role in the human-
population—based studies described above. Although environmental informatics
received much of its momentum from central Europe in the early 1990s (Pill-
mann et al. 2006), EPA has recognized its importance and has played a role in
shaping its direction. The agency helped to establish the Environmental Data
Standards Council, which was subsumed in 2005 by the Exchange Network
Leadership Council (Environmental Information Exchange Network 2011), an
environmental-data exchange partnership representing states, tribes, territories,
and EPA. The council’s mission includes supporting environmental information-
sharing among its partners through automation, standardization, and real-time
access. The scope of data exchange covers air, water, health, waste, and natural
resources, and covers multiple programs. Cross-program data include data from
the Department of Homeland Security, the Toxics Release Inventory, pollution-
prevention programs, the Substance Registry Services System, and data obtained
with geospatial technologies. The council is an example of useful and productive
national efforts to generate environmental informatics data. On the basis of
technologic advances and new environmental challenges discussed throughout
this report, it will be necessary for EPA to begin to make data standards flexible
and adaptable so that it can use data that are less structured and less groomed.

Health informatics has a strong history in the United States. There are nu-
merous national and state data registries on chronic and nonchronic diseases,
such as the Surveillance, Epidemiology, and End Results cancer registry and the
National Birth Defects registry. The Agency for Healthcare Research and Qual-
ity of the Department of Health and Human Services maintains a national hospi-
tal discharge database and, as previously mentioned, CDC’s National Center for
Health Statistics conducts the NHANES annually to study health behaviors, die-
tary intake, environmental exposure, and disease status of the US population.
EPA could also work with CDC’s National Center for Health Statistics and the
National Center for Environmental Health to facilitate the merging of environ-
mental-monitoring data (on air, water, and ecosystems) with national databases
that have biomarker and health data, such as NHANES. Such merging, follow-
ing the NHANES model of public access, could constitute a major advance in
the understanding of environmental exposures and their health effects and in
informing policy regulation and the prevention and control of environmental
exposures. Collaborating with other epidemiologic research efforts, EPA will
have the opportunity to identify the optimal population-based prospective cohort
study protocol to answer environmental-health questions, to ensure that high-
quality data on environmental exposures are incorporated into large epidemi-
ologic studies, and to contribute to the analysis and interpretation of exposure
and health-effect associations. In addition, there are proprietary databases owned
by healthcare providers and insurers, including Medicare and Medicaid. These
databases lay out the foundation of health informatics in the United States and
have been successfully used in environmental health research.
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Identifying and Predicting the Potential Toxic Effects of Chemicals

In 2007, NRC convened a panel of experts to create a vision and strategy
for toxicity testing that would capitalize on the -omics concepts described in
Appendix C and on other new tools and technologies for the 21st century (NRC
2007a). Conceptually, that vision is not very different from the now classic four-
step approach to risk assessment—hazard identification, exposure assessment,
dose—response assessment, and risk characterization—that was laid out in the
NRC report Risk Assessment in the Federal Government: Managing the Process
(commonly referred to as the Red Book) (NRC 1983) and that has been widely
adopted by EPA as its chemical risk assessment paradigm (EPA 1984, 2000).
However, the vision looks to new tools and technologies that would largely re-
place in vivo animal testing through extensive use of high-throughput in vitro
technologies that use human-derived cells and tissues coupled with computa-
tional approaches that allow characterization of systems-based pathways that
precede toxic responses. The computational approach to predictive toxicology
has many advantages over the current time-consuming, expensive, and some-
what unreliable paradigm of relying on high-dose in vivo animal testing to pre-
dict human responses to low-dose exposures.

Although there is generally widespread agreement that the new panomics
tools (that is, genomics, proteomics, metabolomics, bioinformatics, and related
fields of the molecular sciences), coupled with sophisticated bioinformatics ap-
proaches to data management and analyses, will transform the understanding of
how toxic chemicals produce their adverse effects, much remains to be learned
about the applicability and relevance of in vitro toxicology results to actual hu-
man exposures at low doses. With the fundamental mechanistic knowledge, it
should be easier to distinguish responses that are relevant to humans from re-
sponses that may be species-specific or to identify responses that occur at high
doses but not low doses or vice versa. That knowledge would contribute to a
reduction in the frequency of false-positive and false-negative results that some-
times plague high-dose in vivo animal testing.

A key issue in the use of such technologies is phenotypic anchoring,'
which is an important step in the validation of an assay. It is essential to validate
treatment-related changes observed in an in vitro —omics experiment as causally
associated with adverse outcomes seen in the individual. A single exposure to
one dose of one chemical can result in a plethora of molecular responses and
hundreds of thousands of data points that reflect the organism’s response to that
exposure. Quantitative changes in gene expression (transcriptomics), protein
content (proteomics), later enzymatic activity, and concentrations of metabolic

"The concept of phenotypic anchoring arose from studies that examined the effects of
chemical exposures on gene expression in tissues (transcriptomics). In that context, the
term is defined as “the relation[ship between] specific alterations in gene expression pro-
files [and] specific adverse effects of environmental stresses defined by conventional
parameters of toxicity such as clinical chemistry and histopathology” (Paules 2003).
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substrates, products, cofactors, and other small molecules (metabolomics) can
all be measured. But which of those signals, if any, are quantitatively predictive
of the ultimate adverse response of interest is the key. Changes in the profiles
are dynamic, tissue-specific, and dose-dependent, so the results may be drasti-
cally different depending on the tissue that was examined, the time when the
sample was taken, and the dose or concentration that was used. Sophisticated
bioinformatic analyses will be required to make biologic sense out of such mas-
sive amounts of data. Tremendous advances have been made in this field in the
last 5 years, and it is now possible to coalesce such information into pathway
analyses that may have utility in toxicity assessment. Indeed, EPA’s ToxCast
program has begun to examine approaches discussed above to predictive in vitro
toxicity assessment (Judson et al. 2011).

Example of Using Emerging Science to Address Regulatory Issues
and Support Decision-Making: ToxCast Program

In 2006, EPA began a new computational toxicology program aimed at
developing new approaches to assess and predict toxicity in vitro (Judson et al.
2011). Agency scientists in the computational toxicology program have been
substantial contributors to the development of new approaches to toxicity test-
ing. They have collectively published over 130 peer reviewed articles since its
inception, including 38 publications from ToxCast (EPA 2012a). Although the
use of an array of high-throughput in vitro tests—focused on different putative
toxicity endpoints and pathways—to predict in vivo outcomes is attractive from
both a cost-savings and time-savings perspective, it entails many challenges,
including the following:

e Chemical metabolism and disposition may differ between the in vitro
and in vivo situations. A principle tenet of toxicology is that the concentration of
a toxicant at a specific target site is a key determinant of toxicity. If a metabolite
of a toxicant, not the parent molecule, is responsible for toxicity, the in vitro
systems must be able to form that metabolite—and other metabolites that might
modify the response (for example, alternate detoxification pathways)—in a ratio
similar to what occurs in vivo. If an in vitro system fails to form the toxicant or
if it forms one that does not occur in vivo, the test system will generate a false-
negative or false-positive response. The large amounts of data that can be gener-
ated from -omics experiments may be useful in identifying putative pathways of
toxicity, but the relevance of the pathways to human exposures depends on a
reasonably accurate simulation of the metabolic disposition of the substance that
would occur in vivo.

o The time course of effects observed in vitro may be very different from
what occurrs in vivo. Many chemical treatments of cells result in immediate
changes in gene expression, and the nature and magnitude of the changes are
highly dynamic. Initial responses may be largely adaptive in nature, and not
necessarily reflective of an ultimate toxic effect. Adaptive responses can indi-
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cate the potential for future toxicity, but many intervening biologic processes
may abrogate downstream responses, so the fact that a particular pathway is
activated by a chemical does not necessarily mean that the same will occur in
vivo. It will be important for high-throughput screening approaches to consider
multiple time points for analysis.

o Dose—response assessment determined in vitro may be difficult to cor-
relate with in vivo responses and administered doses. Relating dose rate (in mil-
ligrams per kilogram per day) in vivo at specific tissues to cell-culture concen-
trations tested in vitro is extremely difficult and requires detailed knowledge of
the absorption, distribution, metabolism, and excretion of a xenobiotic after in
vivo exposure. It also requires knowledge about protein binding to plasma and
intracellular proteins, lipid portioning, tissue-specific activation, and detoxifica-
tion for interpretation of the relevance of an in vitro cell concentration to a tar-
get-tissue concentration after in vivo administration. Thus, physiologically based
pharmacokinetic modeling, which will require some in vivo data, will continue
to be an important part of hazard evaluation and risk assessment for chemicals
that are identified as being potentially of concern on the basis of in vitro screen-
ing assays. Although advances in in vitro toxicity assessment continue to im-
prove and will certainly decrease the number of animals required for in vivo
testing, it is unlikely that in vitro tests will fully replace the need for in vivo
animal testing for understanding the pharmacokinetics and pharmacodynamics
of toxic substances because of the complex interplay between tissues and organs
that are ultimately critical determinates of a toxic response.

The importance of those concepts was recently illustrated in some model-
ing studies of EPA ToxCast data. In the first phase of the ToxCast program,
EPA scientists used hundreds of in vitro assays to screen a library of agricultural
and industrial chemicals to identify cellular pathways and processes that were
modified by specific chemicals; they intended to use the data to set priorities
among chemicals for further testing (Judson et al. 2010). However, the potency
of a chemical in an in vitro assay may or may not reflect its biologic potency in
vivo because of differences in bioavailability, clearance, and exposure (Blaau-
boer 2010). Scientists at the Hamner Institute, in collaboration with EPA scien-
tists, recently developed pharmacokinetic and pharmacodynamic models that
incorporate human dosimetry and exposure data with the ToxCast high-
throughput in vitro screening data (Rotroff et al. 2010; Wetmore et al. 2012).
Their results demonstrated that incorporation of dosimetry and exposure infor-
mation is critically important for improving priority-setting for further testing
and for evaluating the potential human health effects at relevant exposures.

EPA scientists have played a leading role in the new approaches, and it
will be important for them to continue to lead the way in both computational and
systems toxicology in the future. With further improvements, such as inclusion
of human dosimetric and exposure data, high-throughput in vitro assays for
screening of new chemical entities for potentially hazardous properties will
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probably become widely used for toxicity testing. Although the new technology-
driven approaches to in vitro toxicity testing and high-throughput screening con-
stitute an important advance in hazard evaluation of new chemicals, they are not
yet ready to replace traditional approaches to hazard evaluation because of in-
herent limitations of extrapolation from in vitro to in vivo findings, as discussed
above. But they will be very useful in setting priorities among new chemicals for
more thorough toxicity testing. Additionally, the new technologies will greatly
augment traditional approaches to in vivo toxicity evaluation by providing
mechanistic insights and more detailed characterizations of biologic responses at
doses well below those shown to produce toxicity. That will be especially im-
portant in evaluating endocrine-active chemicals and chemically induced altera-
tions that may occur during early life.

McHale et al. (2010) have discussed the importance of new —omics tech-
nologies and of a systems-thinking approach to human health risk assessment of
chemical exposures, or systems toxicology. EPA has already begun to examine
such approaches to predictive in vitro toxicity assessment through the ToxCast
program (EPA 2008a). It is evident that new approaches to data management
and analysis will be critical for the success of computational approaches to pre-
dictive toxicology. The statistical and modeling challenges are immense in ad-
dressing the large volumes of data that will come from systems-toxicology ex-
periments, which are an essential element of EPA’s computational-toxicology
effort. It will be critical for the success of this and other efforts that involve large
amounts of data for EPA to have access to the best available tools and technolo-
gies in informatics.

Example of Using Emerging Science to Address Regulatory Issues and
Support Decision-Making: Predicting the Hazards of a New Material

Nanotechnology is an emerging technology that poses new challenges for
EPA. Deemed the next industrial revolution, nanotechnology is predicted to
advance technology in nearly every economic sector and be a major contributor
to the nation’s economy. The rationale of that prediction is that nanoparticles,
with dimensions of 1-100 nm, have properties that are useful in a wide variety of
applications, including electronic, photovoltaic, structural, catalytic, diagnostic,
and therapeutic.

A potential concern is that some of the properties of nanoparticles might
pose risks to human health or the environment. The challenge for EPA is to use
or develop the science and tools needed to assess and manage the widespread
use of nanoscale materials that have unknown hazards. That includes assessing
potential risks associated with an emerging technology and, if necessary, moni-
toring potential exposures and hazards. Using nanotechnology as an example,
the committee identified several questions that can be used to better understand
the risks associated with new science and tools. Many of these issues regarding
the environmental, health, and safety aspects of nanotechnology are addressed in
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a 2012 NRC report, A Research Strategy for the Environmental, Health, and
Safety Aspects of Nanotechnology (NRC 2012).

First, do nanoparticles present different properties and inherent risks from
smaller molecules or larger particles? To answer this question, it will be impor-
tant for EPA to adapt and develop new science and tools that strengthen the cor-
relation between the structure and identity of a nanomaterial and the hazard
posed by it. That means that new analytic tools or approaches that permit reli-
able and rapid assessment of engineered-nanomaterial structure and purity are
needed. Rapid tests to screen for hazards and set priorities among materials for
further testing are essential to keep pace with the development of new materials
and to make efficient use of resources available to test materials. To model and
predict the properties of the new materials, it will be necessary to develop pre-
cisely defined reference materials to ensure that inputs to predictive models and
informatics efforts are robust and reliable. The measurement tools, rapid screen-
ing approaches, defined reference materials, and modeling and informatics ap-
proaches, advanced in an integrated fashion, can determine more rapidly what, if
any, unique hazards are associated with this emerging technology.

Second, what are the likely routes and venues of exposure to engineered
nanomaterials? Consumer-use patterns, production methods, and life-cycle ef-
fects of emerging technologies are unknown. To identify likely ways in which
exposure can occur, it will be important for EPA to use physical science, engi-
neering, and social science tools in a multidisciplinary approach that seeks to
understand the life cycle of the materials, the supply chains that incorporate
them, the projections for market growth, and consumer behaviors in using
nanomaterial-containing products. By identifying the intersection between the
most likely exposures and unique hazards, EPA can focus on further characteriz-
ing the potential risk and using science to inform policies needed to monitor and
manage the risk.

Third, how can nanomaterials be detected, tracked, and monitored in com-
plex biologic and environmental media? To complement the science to assess
unique hazards and realistic exposures described earlier in this section, EPA will
require tools to monitor the distribution of and potential exposures to nanomate-
rials. The characterization of pristine nanomaterials has been a challenge given
the lack of specialized tools for detecting and measuring them. Once distributed,
nanomaterials pose even greater challenges to detection, tracking, and monitor-
ing than small molecules or micron-scale particles. This is because nanomateri-
als tend to have distributions of sizes and surface coatings, their high surface
area leads to agglomeration or deposition, their surface chemistry has been
shown to be dynamic, and their speciation can be complex. EPA and its collabo-
rators and contractors will need to invent, develop, or refine tools to detect,
track, and monitor nanomaterials. In some cases, the solution may be to inte-
grate the use of existing tools. In others, new tools will be required. In addition
to direct detection of the materials, strategies that exploit the use of biomarkers
as described earlier in this chapter may prove essential for understanding expo-
sures.
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The three questions posed in this section may be similarly applied to any
emerging material to identify concerns surrounding new hazards, exposure
routes, and material tracking. The case of nanotechnology is an example of how
EPA will need to approach many emerging tools, technologies, and challenges
in general in the future. In order to have the capacity to address those tools,
technologies, and challenges, it will need to have enough internal expertise to
identify and collaborate with the expertise of all of its stakeholders in order to
ask the right questions; determine what existing tools and strategies can be ap-
plied to answer those questions; determine the needs for new tools and strate-
gies; develop, apply, and refine the new tools and strategies; and use the science
to make recommendations based on hazards, exposures, and monitoring.

TOOLS AND TECHNOLOGIES TO ADDRESS CHALLENGES
RELATED TO AIR POLLUTION AND CLIMATE CHANGE

As discussed in Chapter 2, EPA’s first goal in its 2011-2015 strategic plan
is “taking action on climate change and improving air quality” (EPA 2010). Im-
proved modeling capabilities are integral to attaining that goal inasmuch as
models are needed to test the understanding of sources, environmental proc-
esses, fate, and effects of airborne contaminants and to investigate the effects of
potential mitigation measures. Examples of the many areas in which new tech-
nologies will impact air quality and climate change are discussed in the follow-
ing sections on air-pollution modeling; carbon-cycle modeling, greenhouse-gas
emissions, and sinks; and air-quality monitoring.

Air-Pollution Modeling

EPA has a strong history of leadership in air-quality modeling. Its Com-
munity Multi-scale Air Quality (CMAQ) model is used both domestically and
internationally as a premier platform for “one atmosphere” modeling of the
chemistry and transport of ground-level ozone, particulate matter, reactive nitro-
gen, mercury, and dozens of other materials. In recent years, EPA researchers
have worked with other government and university scientists to develop capa-
bilities to run the CMAQ model in a real-time forecast mode (Eder et al. 2009);
to couple the CMAQ model to an advanced meteorologic model, the Weather
Research and Forecasting system (Appel et al. 2010); and to build advanced
sensitivity analysis and inverse modeling capabilities (Napelenok et al. 2008;
Tian et al. 2010).

In coming years, investments in modeling efforts will advance the under-
standing of sources and environmental processes that contribute to particulate-
matter loadings and health and environmental effects. Modeling efforts will also
improve the understanding of interactions between climate change and air qual-
ity with a special focus on relatively short-lived greenhouse agents, such as
ozone, black carbon, and other constituents of particulate matter. Improved
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modeling capabilities will enable EPA to evaluate actions that have dual benefits
for reducing radiative-forcing agents (such as ozone and aerosols) and improv-
ing air quality, and it will also enable EPA to understand better how tropo-
spheric particulate matter may have masked some global warming in the past.
The committee has identified several efforts that will likely be important for
EPA in the future. They include, working with other federal and university sci-
entists to improve the use of global climate model predictions to inform air-
quality management and other climate-adaptation decisions; working toward a
better understanding of the global mass balance of mercury and other biologi-
cally active metals, including the role of natural sources and re-emission, chemi-
cal and biologic processing, and interregional transport; improving its under-
standing of physical and chemical processes; leading the integration of models
and observations (including satellite and other remote sensing techniques®) to
help to estimate emissions of greenhouse agents and conventional air pollutants,
especially from dispersed or fugitive sources; and expanding its efforts to inte-
grate socioeconomic and biophysical systems models for integrated assessment,
including examination of air and climate effects of changing agriculture, energy,
information, land-use, and transportation systems.

Carbon-Cycle Modeling, Greenhouse-Gas Emissions, and Sinks

EPA is engaged in a variety of science, engineering, regulatory, and policy
development activities related to greenhouse-gas emissions, the global carbon
cycle, and impacts of resulting changes on human health. The agency is respon-
sible for the national-level inventory of greenhouse gases in the context of the
Framework Convention on Climate Change. Under the Clean Air Act, the
agency has authority to regulate greenhouse gases, including carbon dioxide,
methane, nitrous oxide, and hydrofluorocarbons. Much attention is also focused
on estimating ecosystem uptake and sequestration of carbon as a quantifiable
(and monetizable) ecosystem service.

Fossil-fuel emissions can be estimated with relatively high precision, and
the science of monitoring and modeling of their uptake by terrestrial and marine
ecosystems is evolving rapidly. National-scale and continental-scale estimates of
carbon fluxes are now produced through several approaches. In one approach,
atmospheric-inversion models rely on regional measurements of atmospheric
carbon dioxide coupled to surface ecosystem fluxes and atmospheric circulation

*Remote sensing—the study of Earth processes and phenomena without direct physi-
cal contact—will be discussed several times throughout this chapter. It includes both
passive sensors, which measure electromagnetic radiation that is emitted or reflected by
the object or area being observed, and active sensors, such as synthetic-aperture radar or
light detection and ranging systems, which emit energy and measure its return to infer
properties of the scanned surfaces. Remote sensing complements expensive and slow data
collection on the ground and provides local-to-global areal coverage of many key envi-
ronmental processes.
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(Gurney et al. 2002). In another approach, which is more direct, biomass inven-
tories (for example, forest and cropland inventories) are used for estimating up-
take by monitoring changes in biomass stocks. A third approach involves spa-
tially explicit modeling of ecosystem processes on the basis of weather, soil,
land use, and land cover (Schwalm et al. 2010). Each of those approaches has
limitations and uncertainties, and derived estimates show only moderate agree-
ment (Hayes et al. 2012). Hayes et al. (2012) demonstrate the value of the inven-
tory approach, which relies on stock estimates obtained from EPA reports (for
example, EPA 2011b), for subcontinental-scale estimates of carbon fluxes.

Integrated modeling of greenhouse-gas sources and sinks’ will continue to
develop rapidly given continuing advances in remote sensing of ecosystem
properties and understanding of the carbon cycle. To meet its regulatory man-
date and to support policies that address climate change, EPA could benefit from
increased science and engineering capacity in ecosystem ecology and Earth-
system science.

Air-Quality Monitoring

Advances in atmospheric remote sensing have created a new paradigm for
air-quality monitoring and prediction from regional to global scales (NRC
2007b). Research and applications have focused on fine particulate aerosols,
tropospheric ozone, nitrogen dioxide, formaldehyde, sulfur dioxide, and carbon
monoxide, but have also included other compounds, such as benzene, ethylben-
zene, and 1,3-butadiene (NRC 2007b, Fishman et al. 2008, Hystad et al. 2011).
Active sensors, such as satellite and aircraft-mounted light detection and ranging
systems (LiDAR) (for example, the cloud-aerosol LiDAR with orthogonal po-
larization), can provide information on the vertical distribution of clouds and
aerosols on the basis of the magnitude and spectral variation in backscatter of
the vertical beam. However, most remote sensing of air quality has relied on
passive sensors, for example, measurements of pollution in the troposphere, the
moderate-resolution imaging spectroradiometer and multi-angle imaging spec-
troradiometer on the National Aeronautics and Space Administration’s (NASA)
Terra platform, and the ozone-monitoring instrument and tropospheric emission
spectrometer on NASA’s AURA platform (Martin 2008). Those collect radio-
metric data on solar backscatter or thermal infrared emissions that are then used
in retrieval algorithms that incorporate other geophysical information and radia-
tive-transfer models. The reliability of results depends on the surface reflectivity
or emissivity, clouds, the viewing geometry, and the retrieval wavelength
(Martin 2008). Estimating ground-level concentrations, which are of greatest
relevance to EPA, requires additional information on the vertical structure of the

3The ocean is the largest sink, inasmuch as carbon dioxide is dissolved in seawater
and is in equilibrium with the atmosphere (in freshwater bodies, it can change the water
pH to some extent).
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atmosphere, especially for ozone and carbon monoxide. Inverse modeling is
required to infer pollutant source strength from observed concentration patterns.

Although it is not a substitute for ground-based air-quality measurements,
satellite-derived data provide important spatial, temporal, and contextual infor-
mation about the extent, duration, transport paths, and distances of pollution
from a source, which is generally not possible with in situ ground-based meas-
urements. For example, Morris et al. (2006) linked increases in surface ozone in
Houston to wildfires in Alaska and western Canada, and Heald et al. (2006)
traced an increase in springtime surface aerosols in the northwestern United
States to anthropogenic sources in Asia. As retrieval algorithms and the spatial
and spectral quality of satellite data have improved, remote sensing has provided
a means of obtaining relatively consistent estimates of air-pollutant exposure
over large areas for health-effects assessments (van Donkelaar et al. 2010;
Hystad et al. 2011), which has facilitated large-scale epidemiologic investi-
gations in settings where monitoring data are inadequate to determine spatial
contrasts (Crouse et al. 2012). Another important trend is the assimilation of
concurrent data from multiple sensors with ground data; that has proved espe-
cially useful in improving estimates of ground-level ozone (Fishman et al.
2008).

Example of Using Emerging Science to Address
Regulatory Issues and Support Decision-Making:
Remote Sensing to Monitor Landfill Gas Emissions

Great progress has been made in reducing or eliminating releases of toxic
substances from concentrated sources (also known as point sources), but moni-
toring and mitigating emissions from so-called area sources has been technically
difficult and remains one of the persistent challenges faced by EPA. Recent ef-
forts to use emerging technology in monitoring provide a glimpse on a very
broad scale of what might be possible with further advances. EPA’s National
Risk Management Research Laboratory used a tunable diode laser to perform
optical remote-sensing of fugitive methane, hazardous air pollutants (including
mercury), volatile organic compounds, and nonmethane organic compounds
emitted from three landfills. With multiple measurements of concentrations
along different light paths, the system calculates a mass emission flux for the
entire area. What had been thought to be an excessively expensive monitoring
challenge is now financially and practically manageable (EPA 2012b).

Example of Using Emerging Science to Address Regulatory Issues and
Support Decision-Making: Multipollutant Analysis Standard-Setting

Regulation in the United States is predicated on single-pollutant standards
or control strategies. Improved understanding of health effects of cumulative
and mixed exposures calls for new approaches to standard-setting that consider a
multipollutant approach. The shift will require understanding of the joint behav-
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ior of multiple stressors, the interactions among them, and their contributions to
health outcomes.

The air-pollution health community has been examining the science-
readiness of a multipollutant regulatory strategy (Dominici et. al. 2010;
Greenbaum and Shaikh 2010). The challenges, opportunities, and future re-
search needs related to multipollutant approaches for the assessment of health
risks associated with exposures to air pollution were evaluated in a public work-
shop held in 2011 (Johns et al. 2012). The workshop highlighted the need for a
transdisciplinary research approach for developing more relevant tools and
methods in the fields of exposure science, human and animal toxicology, and air
pollution epidemiology. More important, it recommended collaboration among
science, engineering, and policy communities to develop practical and imple-
mentable approaches that could ultimately inform decision-making (D. Johns,
EPA, personal communication, May 9, 2012).

Related efforts to characterize toxicity of mixtures of chemicals in chemi-
cal risk assessment are under way. A key challenge is to define the universe of
possible combinations of mixtures that are representative of real-world expo-
sures. In a recent analysis, EPA researchers investigated methods from the field
of community ecology originally developed to study avian species co-
occurrence patterns and adapted them to examine chemical co-occurrence
(Tornero-Velez et al. 2012). Their findings showed that chemical co-occurrence
was not random but was highly structured and usually resulted in specific pre-
dictable combinations. Novel application of tools and approaches from a variety
of research disciplines can be used to address the complexity of mixtures, ad-
vance the scientific communities’ understanding of exposures to the mixtures,
and promote the design of relevant experiments and models to assess associated
health risks.

TOOLS AND TECHNOLOGIES TO ADDRESS
CHALLENGES RELATED TO WATER QUALITY

As discussed in Chapter 2, there are several important drivers of water
quality and water-quality policies for which new technologies and approaches
can be instrumental in enhancing data-driven regulations. For the purposes of
this chapter, examples of the many areas in which new technologies will impact
water quality are divided into the following areas: remote sensing technologies
for water-quality monitoring; water modeling; and detecting microorganism and
microbial products in the environment.

Water-Quality Monitoring

Multispectral imagery has been successfully applied to water-quality moni-
toring for several decades, notably for monitoring surface temperature and concen-
trations of suspended sediments and algae (see reviews by Mertes 2002; Matthews
2011). Modern multispectral sensors—such as the moderate-resolution imaging
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spectroradiometer and the European medium-resolution imaging spectrometer
sensor, which have moderate (about 250m) spatial resolution, 10-15 spectral
bands, and high sampling frequency—have accelerated progress in remote sensing
of suspended sediments, dissolved organic matter, chlorophyll, phycocyanin, and
other water-quality indicators that are extensive enough to suit sensor resolution
(Bierman et al. 2011). Satellite-based assessments of water quality will probably
be increasingly routine, especially with better integration and assimilation of in
situ data and multiscale sensor data via empiric and physically based models (Mat-
thews 2011). As mentioned in the section “Air-Quality Monitoring” above, the
new tools and technologies are not a substitute for ground-based water-quality
measurements, but they provide important spatial and contextual information
about the extent, duration, transport paths, and distances of pollution from a source
and should be used to enhance the current water-monitoring infrastructure and
related exposure assessment efforts.

Water Modeling

Real-time reporting of water-quality data would complement EPA re-
search programs. Data could be downloaded to a community Website so that
other researchers and the general public could understand water-quality and
quantity (storm-flow) information better. That type of network would eventually
allow analysis of infiltration or inflow problems, including policy options (such
as disconnecting storm drains from the sanitary sewer) and the likely effective-
ness of infrastructure investment in light of climate change (such as more in-
tense storm events). Figure 3-3 illustrates how a sensor network might be set up.

Spatially detailed high-frequency sensing of water resources that uses an
embedded network can provide breakthroughs in water science and engineering
by promoting understanding of nonlinearities (the knowledge base to discern
mechanisms and basic kinetics of nonlinear water processes) (Ostby 1999; Cop-
pus and Imeson 2002; Nowak et al. 2006); scalability (the ability to scale up
complex processes from observations at a point to the catchment basin) (Ridolfi
et al. 2003; Sivapalan et al. 2003; Long and Plummer 2004); prediction and
forecasting (the capacity to predict events, to model and anticipate outcomes of
management actions, and to provide warnings or operational control of adverse
water-quantity and water-quality trends or events) (Christensen et al. 2002;
Scavia et al. 2003; ASCE 2004; Vandenberghe et al. 2005; Shukla et al. 2006;
Hall et al. 2007); and discovery science (the discovery of heretofore unknown
and unreported processes) (Jeong et al. 2006; Messner et al. 2006; Loperfido et
al. 2009; 2010a,b).

Detecting Microorganisms and Microbial Products in the Environment

Development of detection methods for microbial contamination in water,
soil, and air is a critical part of environmental protection. EPA is one of the few
federal agencies that oversees a substantial research portfolio that includes new
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analytic techniques for environmental assessment. Although more modern bio-
chemical methods are available, coliform bacteria and enterococci continue to
be used as indicators for the assessment of safe drinking and recreational waters
(EPA 1986, 2002, 2005), and cultivation methods for viability remain the gold
standard (Messer and Dufour 1998). In recognition of the inadequacy of the bac-
terial indicator system over the years, research methods have been developed
and improved for measuring enteric viruses (Fong and Lipp 2005; Yates et al.
2006; Pepper et al. 2010) and protozoa (Sauch et al. 1985; Rose 1988; Aboytes
et al. 2004) and for expanding the understanding of risk (Slifko et al. 1997,
1999; Aboytes et al. 2004). National surveys of groundwater and surface water
have directly influenced important rule-making, including the Surface Water
Treatment Rule, the Information Collection Rule, the Long Term Enhanced Sur-
face Water Treatment Rule, the Disinfectants and Disinfection Byproducts Rule,
the Ground Water Rule, and final rules for the use or disposal of sewage sludge.

Assessment and control of waterborne diseases still rely on the ability to
sample and quantify fecal indicator organisms and pathogens as part of the
evaluation of water quality. The most recent advances in the detection of micro-
organisms in water include quantitative polymerase chain reaction (PCR) meth-
ods, which can be designed for any microorganism of interest because they are
highly specific and quantitative. The PCR methods can produce information
relatively fast and, under the Clean Water Act and the Beaches Environmental
Assessment and Coastal Health Act, their adoption has moved quickly toward
meeting total maximum daily load requirements and beach safety (see the ex-
ample below on “Beach Safety”).

Aireratt
Satellite Observing Missiens

FIGURE 3-3 Schematic of an instrumented watershed in an observatory of the national
network. Real-time sensors for meteorology, rainfall, stream velocity, suspended sedi-
ment, water quality, soil moisture, groundwater, and snowpack are shown with wireless
communications equipment necessary for transmitting the data. Source: WATERS Net-
work 2009.
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New approaches to next-generation DNA-sequencing technologies offer
the promise of characterizing healthy water by ensuring the absence of harmful
biotic organisms, even rare ones (see Appendix C for background information
on genomics tools and technologies). Just as the human microbiome studies are
examining the diversity and ecology of microorganisms in the intestinal tract,
DNA-sequencing methods are being used to explore the water microbiome in
polluted, pristine, and unique environments, although finding rare microbial
populations that will exhibit genetic characteristics with the potential for harm to
humans is difficult. Metagenomics of the wastewater system, and in particular
the viral genome, provide insight into the complex world of water microbiotas,
but is only being used for exploration. Current efforts are being spent in devel-
oping methods and generating large amounts of data (Table 3-2); the methods
are able to identify which microorganisms (including potentially pathogenic
organisms) are present, but their viability and functional activity are often not
known. Finally, genomic data have not been used much to inform microbial risk
assessment. In the next decade, environmental microbiome studies and data will
need to move toward sophisticated data interpretation and modeling, and sub-
stantial investment in bioinformatics will be necessary. With the growing under-
standing of the ecosystem microbiome and its interaction with human health and
the environment, it is becoming evident that the microbiome plays an important
role in modulating health risks posed by broader environmental exposures. Un-
derstanding such interactions will have important implications for understanding
individual and population susceptibility and the observed variability in risks
posed by environmental exposures.

Other recent advances that are facilitating the use of molecular tools in-
clude new techniques for increasing sample concentration—such as ultrafiltra-
tion, continuous filtration, and new types of filters—for improved recovery and
automated extraction of nucleic acids with less contamination, less inhibition,
and more rapid throughput (Hill et al. 2005; Srinivasan et al. 2011). New quanti-
tative PCR approaches for monitoring the viability of pathogens of concern are
of particular interest, and several approaches show some promise. Such dyes as
ethidium monoazide and propidium monoazide have been used to distinguish
between live cells and heat-killed cells, but the dyes are not able to penetrate
apparently killed cells when applied to disinfected treated sewage samples, so
the signals that are produced through quantitative PCR methods are comparable
with counts made before and after disinfection with or without use of the dyes
(Varma et al. 2009; Srinivasan et al. 2011). More work is needed to address the
possible presence of viable but nonculturable cells in disinfected effluents. An
approach to examining viability associated with bacteria is to use quantitative
PCR methods to target the precursors of ribosomal RNA (rRNA). That was done
to quantify viable cells of Aeromonas and mycobacteria in water (Cangelosi et
al. 2010) and showed promise for both saltwater and freshwater and for post-
chlorination monitoring. Those types of methods will require verification in the
monitoring of disinfected drinking water and wastewater. There may be a need



TABLE 3-2 Metagenomic Characterization of Pathogens and Microbial Populations in Biosolids, Wastewater, Rivers, and Lakes

Environment Sampled Target and Approach Findings Reference
Wastewater biosolids Bacterial 16S rRNA genes; PCR, Most of the pathogenic sequences Bibby et al. 2010
pyrosequencing (454 GS-FLX sequencer) belonged to the genera Clostridium

and Mycobacterium

Wastewater (activated sludge, Bacterial 16S rRNA gene (hypervariable V4 region); ~ Most of the pathogenic sequences
influent, and effluent) PCR, pyrosequencing (454 GS-FLX sequencer) belonged to the genera Aderomonas
and Clostridium

River sediment Bacterial antibiotic-resistance genes; MDA, Large amounts of several classes of
pyrosequencing (454 GS-FLX sequencer) resistance genes in bacterial communities
exposed to antibiotic were identified
Reclaimed and Viral DNA and RNA; tangential flow filtration, Over 50% of the viral sequences had
potable water DNase treatment, MDA, pyrosequencing (454 no significant similarity to proteins in
GS-FLX and GS20 sequencer) GenBank; bacteriophages dominated

the DNA viral community; the RNA
metagenomes contained sequences
related to plant viruses and invertebrate

picornaviruses

Wastewater biosolids Viral DNA and RNA; DNase and RNase Parechovirus, coronavirus, adenovirus,
treatment, reverse transcription for RNA, aichi virus, and herpesvirus were identified
pyrosequencing (454 GS-FLX sequencer),
optimal annotation approach specific for
viral pathogen identification is described

Lake water Viral RNA; tangential flow filtration, DNase 66% of the sequences had no significant
and RNase treatment, random amplification similarity to known sequences; presence
(klenow DNA polymerase), pyrosequencing of viral sequences (30 viral families)
(454GS-FLX sequencer) with significant homology to insect,

human, and plant pathogens

Ye and Zhang 2011

Kristiansson et al. 2011

Rosario et al. 2009

Bibby et al. 2011

Djikeng et al. 2009

Abbreviations: DNase, deoxyribonuclase; MDA, multiple displacement amplification; PCR, polymerase chain reaction; RNase, ribonuclease;

rRNA, ribosomal RNA.
Source: Aw and Rose 2012. Reprinted with permission; copyright 2012, Current Opinion in Biotechnology.
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for a method that combines some type of cultivation with quantitative PCR
techniques in real time to address viability. The use of molecular tools that can
be used to inform decisions for water treatment and public-health protection will
still require substantial investment in sample concentration, hazard characteriza-
tion, quantification, and assessment of viability.

Example of Using Emerging Science to Address Regulatory
Issues and Support Decision-Making: Beach Safety

Shorelines provide benefits to society as a whole and in particular are di-
rectly associated with tourism, which remains one of the largest economic sec-
tors around the world. According to the Natural Resources Defense Council
(NRDC 2011), beaches in the United States were given advisories or were
closed 24,091 times in 2010—the second-highest number of advisories and clo-
sures in the 21 years since NRDC began reporting. It was suggested that aging
and poorly designed sewage-treatment systems and contaminated stormwater
were the main causes of pollution that led to fecal-indicator concentrations that
exceeded the state’s health and safety standards. There were also more than
9,000 days of Gulf Coast beach notices, advisories, and closures due to the
Deepwater Horizon oil-spill disaster in 2010 (NRDC 2011).

As part of an overhaul of the Clean Water Act, the Beaches Environmental
Assessment and Coastal Health Act mandated that research be undertaken to
understand coastal pollution, address polluted sediments, decrease response
time, and improve protection of public health (EPA 2006a); most of the research
programs under this act have yet to be realized, and improving public-health
protection has been slow. EPA has begun to update water-quality standards,
address health studies and swimmer surveys, and advance the use of new ge-
nomic technology for the rapid testing of water quality. The development of the
first standardized quantitative PCR method for enterococci is being promoted
for recreational-water assessment (Wade et al. 2006). Evaluations based on new
quantitative PCR methods for indicators in ambient and recreational waters are
being published (Byappanahalli et al. 2010; Noble et al. 2010), but there are
challenges to using these methods for regulatory purposes because interpretation
of the signals may underestimate or overestimate human health risks and could
lead to beach closures that cause unnecessary economic losses (Srinivasan et al.
2011). Continued investment in new methods, applications for surveys, and
links to health effects and management strategies are necessary.

Wastewater and stormwater are key culprits in water pollution, and further
improvement of water safety cannot occur unless point and nonpoint sources of
pollution are elucidated. Research on microbial source tracking has advanced
the use of molecular tools for investigating the presence of pathogens in im-
paired waters and to setting total maximum daily load requirements. EPA is tak-
ing a leadership role in the microbial source-tracking research (EPA 2005). In
addition, California has organized one of the largest blind studies, the Global
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Inter-Laboratory Fecal Source Identification Comparison Study, which involves
the evaluation of 39 microbial source-tracking methods by 29 laboratories
(Shanks 2011).

To maximize the benefits of clean water, protect the general public, sustain
water resources, and restore impaired shorelines, decision-makers will need to rely
increasingly on an understanding of the long-term and short-term changes in water
quality and aquatic ecosystems. The advanced science and technology are poised
to play an increasingly important role in providing forecasts of effects on appro-
priate temporal and spatial scales. Advances could be made quickly for safe and
sustainable water resources in the promotion of methodologic developments and
applications in rapid and predictive monitoring; development of and investment in
a safe-waters program that links genomic tools with watershed and beach-shed
characterizations; continued microbial characterization of stormwater, combined
sewage overflows, and wastewater; and development of and investment in innova-
tive engineering designs to reduce pollution loads.

Example of Using Emerging Science to Address Regulatory Issues
and Support Decision-Making: Quantitative Microbial Risk Assessment

Quantitative microbial risk assessment had its beginnings in the 1980s; it
is associated with the first publication of dose-response models (Haas 1983) and
is now an accepted process for addressing waterborne disease risks and man-
agement strategies (Haas et al. 1999; Medema et al. 2003). Although great
strides have been made in using quantitative microbial risk assessment in EPA’s
Office of Homeland Security (including leading an interagency working group
and the exchange of information with CDC), EPA has yet to take a leadership
role in developing the necessary databases for use in a national risk assessment
of wastewater, stormwater, and recreational water.

Linking biology, mathematics, health, the environment, and policy will
require substantial interdisciplinary research focused on problem-solving and
systems thinking. Quantitative microbial risk assessment has been seen as an
important framework for pulling science and data together and can lead to inno-
vative work in decision science. According to the Center for Advancing Micro-
bial Risk Assessment, “ultimately, the goal in assessing risks is to develop and
implement strategies that can monitor and control the risks (or safety) and al-
lows one to respond to emerging diseases, outbreaks and emergencies that im-
pact the safety of water, food, air, fomites, and in general our outdoor and indoor
environments” (CAMRA 2012). The framework is being promoted by the
World Health Organization (WHO 2004), and the international need for data,
education, and mathematical tools to assist countries around the world with the
implementation of quantitative microbial risk assessment strategies is para-
mount. More recently, Science and Decisions: Advancing Risk Assessment
(NRC 2009) called for more integration with the risk-assessment-risk-
management paradigm. This approach will provide a pathway to the integration
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of new tools and science for addressing EPA’s goals of safe and sustainable wa-
ter.

If a quantitative microbial risk-assessment framework were put into prac-
tice by EPA, it would need to incorporate alternative indicators based on ge-
nomic approaches, microbial source-tracking, and pathogen-monitoring. Also,
the complete human-coupled water cycle would need to be explored, including
built and natural systems. Implementation of a quantitative microbial risk-
assessment framework would require investment in a health-related water mi-
crobiology collaborative research network. The network would bring molecular
biologists, ecologists, engineers, and water-quality health and policy experts
together to build internal capacity, to develop external partnerships, and to foster
national collaboration. Regardless of whether EPA decides to systematically use
a quantitative microbial risk-assessment framework, the future of science at the
agency would benefit from continuing to build exposure databases and support
work on the survival and inactivation of pathogens that can feed into quantita-
tive microbial risk assessment. Agency science would also benefit from new
informatics and application tools that are based on quantitative microbial risk
assessment models to enhance decision-making to meet safe-water goals.

An example of an area in which EPA may be able collaborate to more ef-
fectively fill information gaps or address funding overlap in a resource-
constrained environment is through microbiology research. There are other or-
ganizations that have microbiology programs, but few address the environment.
NIH’s Division of Microbiology and Infectious Diseases supports clinical re-
search and basic science for microbes and infectious disease. NIH has recently
partnered with the National Science Foundation and the US Department of Ag-
riculture to fund research on the ecology and evolution of infectious disease.
The partnership addresses diseases that have an environmental pathway and can
include waterborne diseases, but most of the efforts have been related to cholera
and little attention has been given to other groups of pathogens. EPA has not yet
played a role in the partnership, but it could contribute to filling a gap in knowl-
edge about wastewater treatment and monitoring as it relates to microbes and
environmental and human health.

TOOLS AND TECHNOLOGIES TO ADDRESS CHALLENGES
RELATED TO SHIFTING SPATIAL AND TEMPORAL SCALES

Chapter 2 noted that current environmental challenges are expanding in
both space and time and it emphasized that long-term data are needed to charac-
terize such changes and to characterize the cause and the potential implications
of different policy options. To address the challenges of increasing spatial and
temporal scales for a variety of environmental problems, new approaches, tools,
and technologies in such areas as computer science, information technology
(IT), and remote sensing will become increasingly important to EPA. The ability
to take full advantage of all the new tools and technologies discussed in the pre-
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ceding sections of this chapter will require EPA to have state-of-the-art IT and
informatics resources that can be used to manage, analyze, and model diverse
datasets obtained from the vast array of technologies.

Computer Science, Informatics, and Information Technology

The future needs for IT and informatics in support of science in EPA are
subject to two principal influences: the future directions of EPA’s mission and
the underlying science in future directions taken by the IT industry. Science in
EPA will increasingly depend on its capability in IT and informatics. IT is con-
cerned with the acquisition, processing, storage, and dissemination of informa-
tion with a combination of computing and telecommunication (Longley and
Shain 1985). The term informatics, as used here, refers to the application of IT
in the generation, repository, retrieval, processing, integration, analysis, and
interpretation of data obtained in different media and across geographic and dis-
ciplinary boundaries that are related to the environment and ecosystem, commu-
nity and human activities, and human health (see He 2003). Informatics is also
concerned with the computational, cognitive, and social aspects of IT. One way
in which IT can be used for data acquisition is through public engagement. Tak-
ing advantage of expertise outside of EPA (from academia, industry, and other
agencies) and considering the general public as a source of new information is a
way in which knowledge and resources can be combined in a cost-effective
manner. Examples include taking advantage of social media and crowdsourcing.
Appendix D provides additional background information on various important
and rapidly changing tools and technologies in the field of information technol-
ogy and informatics.

Example of Using Emerging Science to Address Regulatory Issues
and Support Decision-Making: Social Media

EPA does substantial outreach to the public and to other agencies and re-
search communities via such media as blogs and wikis. It also supports mobile,
desktop, and laptop collaboration and it clearly sees the role of social media for
these outward-facing purposes. The general IT activities are the responsibility of
several entities in the Office of Environmental Information and elsewhere in the
agency, such as the Office of Solid Waste and Emergency Response (EPA
2012c¢) and the Office of Water (EPA 2012d). Social media also have a role to
play in crowdsourcing and citizen science, as will be discussed in the following
section. Another important topic in the near future will be the use of social me-
dia for scientific collaboration. The emergence of secure enterprise social net-
works provides a host of opportunities for greatly enhanced internal and external
collaboration, particularly as tighter budgetary circumstances force the dissolu-
tion of some departmental and interagency boundaries.
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Those networks already securely provide an environment for microblog-
ging, private messaging, profiles, administered groups, directories, and secure
external networks of partners. Conversations may be fully archived and are
searchable with tags, topics, and links to documents and images. The technology
is accelerating rapidly and will surely be part of the expectations for the next
generation of EPA scientists. As the new technologies are emerging, consolidat-
ing, and maturing, following such changes closely would help EPA to make
anticipatory decisions for adopting the appropriate technology that provides the
greatest benefit to the agency at the least cost.

Example of Using Emerging Science to Address Regulatory
Issues and Support Decision-Making: Crowdsourcing

Massive online collaboration, or crowdsourcing, can be defined as the
“sourcing [of] tasks traditionally performed by specific individuals to an unde-
fined large group of people [or community]—the crowd—through an open call.
For example, the public can be invited to help develop a new technology, carry
out a design task, [propose policy solutions,] or help capture, systematize, or
analyze large amounts of data—also known as citizen science” (Ferebee 2011).
With a well-designed process, crowdsourcing can help assemble the data, exper-
tise, and resources required to perform a task or solve a problem by allowing
people and organizations to collaborate freely and openly across disciplinary and
geographic boundaries. The emergence of crowdsourcing, such as citizen sci-
ence, with widely dispersed sensors will produce vast amounts of new data from
low-cost unstructured sources. This can inform multiple domains of environ-
mental science, but may have the greatest potential for monitoring environ-
mental conditions and creating more refined models of human exposure.

The idea behind regulatory crowdsourcing is that many areas of regulation
today, from air and water quality to food safety and financial services, could
benefit by having a larger number of informed people helping to gather, classify,
and analyze shared pools of publicly accessible data. Such data can be used to
educate the public, enhance science, inform public policy-making, or even spur
regulatory enforcement actions. Indeed, there are many arenas in which experts
and enthusiasts, if asked, would help to provide data or to analyze existing data.

EPA is no stranger to crowdsourcing. With such peers as NASA and CDC,
EPA is a pioneer and visible leader in collaborative science. One example is its
use of broad networks to engage outside environmental problem-solvers, for
example, through the Federal Environmental Research Network, InnoCentive
challenges, and the Challenge.gov Web site (Preuss 2011). More recent exam-
ples of using the public to gather information are discussed in Box 3-1. Broad
community participation has led to a wide array of new data sources to provide a
baseline for monitoring the effects of climate change on local tree species, for
wildlife toxicology mapping, and for real-time water-quality monitoring.
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Today, a growing number of regulatory agencies (including EPA, the Se-
curities and Exchange Commission, and the Food and Drug Administration) see
social media and online collaboration as a means of providing richer, more use-
ful, and more interactive pathways for community participation. For EPA and its
stakeholders, the question is whether the agency can take advantage of this
growing social interconnectivity to engage the public in environmental protec-
tion better while bolstering both its science activities and its capacity for effec-
tive regulatory monitoring and enforcement. There are a number of ways in
which crowdsourcing or citizen science could augment or enhance EPA’s scien-
tific and regulatory capabilities. They include harnessing new technologies to
engage broader communities along the lines of crowdsourced data collection,
especially in the context of environmental monitoring, exposure assessment,
health surveillance, and social behaviors; crowdsourced data classification and
analysis; and crowdsourced environmental problem-solving. Crowdsourcing
also provides an opportunity for EPA to gain a better understanding of the gen-
eral sentiment of the public on issues that are of concern to EPA.

Crowdsourcing initiatives are typically low in cost because the most ex-
pensive resource (people’s time) is supplied voluntarily. Whether classifying
galaxies or recording observations of bird species or local environmental qual-
ity, participants in a crowdsourcing project are intrinsically motivated to partici-
pate. For an agency like EPA, crowdsourcing presents an opportunity to gather
and analyze large amounts of data or input inexpensively. That being said,
crowdsourcing projects are not free to run either. There are costs involved in
supplying the infrastructure for participation (typically a Web site or mobile
interface where participants can record observations and discuss issues) and
managing the overall effort.

Acquisition of Environmental Data through Remote Sensing

In the 40 years since the launch of Landsat 1—the first Earth-observing
satellite-borne sensor designed expressly to study the planet’s land surfaces—
there have been enormous advances in remote-sensing systems for environ-
mental mapping and monitoring. They include multispectral digital imaging
systems and imaging radar (1970s), hyperspectral imaging systems (1980s), and
profiling and imaging LiDAR (1990s to present). In that period, remote sensing
has benefited from rapid improvements in instrument capabilities and calibra-
tion, positional control and global positioning systems, computer performance,
processing algorithms and software, fusion of imagery from multiple sensors,
and closer integration with geographic information system and ground meas-
urements and monitoring systems. As a result, remote sensing of the environ-
ment has evolved from a narrow research community to a large and diverse user
community that is applying remote-sensing products on local, regional, and
global scales (Schaepman et al. 2009).
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BOX 3-1 Engaging the Public to Gather Information

One example of crowdsourcing is a “computer game” called Fold-IT, in
which participants work to fold proteins in different configurations (Foldit
2012). The scoring for the game is based on packing the protein (the smaller
the better), hiding the hydrophobic side chains, and folding the protein so that
sidechains are not too close together. The information gathered from this pro-
gram has resulted in the publication of several scientific papers (Cooper et al.
2010a,b, 2011; Gilski et al. 2011; Khatib et al. 2011a,b) and has shown that
sometimes human knowledge and intuition can outperform computational
methods.

Another example is when EPA set out to produce an action plan for the
Puget Sound estuary in Washington state. It launched an information chal-
lenge that invited the broader community to assemble relevant data sources
and begin to articulate solutions. Over 600 residents, businesses, environ-
mental groups, and researchers contributed 175 new data sources (Tapscot
and Williams 2010). Examples include a tree-ring database from 2006 that
provides a baseline for monitoring the effects of climate change on local tree
species, wildlife toxicology maps of the Puget Sound area, and real-time wa-
ter quality-monitoring tools, including water measurements taken from local
ferries that could complement existing buoy measurement systems. Former
EPA Chief Information Officer Molly O’'Neill said afterwards, “we can actually
use these kinds of mass collaboration tools to transform government, not just
add layers to government” (Tapscot and Williams 2010). The kinds of “emer-
gent behavior” observed in cases like the Puget Sound information challenge
can be applied in nearly all aspects of the regulatory system and lead to new
insights, innovations, and strategies that even the most capable agencies
could not produce in isolation (PSP 2011).

EPA has long recognized the scientific value and cost effectiveness of re-
mote sensing for large-area environmental mapping and monitoring, and remote
sensing data are increasingly being used to strengthen human exposure charac-
terization for air pollutants and other contaminants. The agency has been a con-
tributing partner in national satellite-based mapping programs such as the Multi-
Resolution Land Cover Program, the Coastal Change Analysis Program, and the
Gap Analysis Program. It has also supported research and application efforts in
remote sensing of water quality and air quality, notably in the use of aircraft-
borne sensors for local pollution and hazardous-substance detection and moni-
toring. For example, from 2002 to 2010, the agency partnered with the Depart-
ment of Defense and the National Geospatial Intelligence Agency to operate
Airborne Spectral Photometric Environmental Collection Technology, an air-
craft-borne set of sensors designed to provide emergency-response data on haz-
ardous releases.

Much of the progress in remote sensing has depended on tight integration
of imagery with other geospatial data and process models that use appropriate
parameters and aircraft and satellite data. A key opportunity for EPA science
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lies in extended collaboration with remote-sensing scientists to advance such
integrated approaches, especially in fields in which EPA has extensive or nas-
cent expertise in such domains as pollutant fate and transport, landscape ecol-
ogy, ecosystem service mapping and monitoring, environmental-disaster moni-
toring, and health impact assessment.

Terrestrial-Ecosystem Monitoring with Remote Sensing

Remote sensing of land surfaces has evolved from technically complex but
thematically relatively simple land-use and land-cover mapping and monitoring
to technically and scientifically complex monitoring and modeling of surface
properties and processes, such as three-dimensional (3D) vegetation structure
and net primary production. From a technologic perspective, important trends in
remote sensing of terrestrial ecosystems include (Wang et al. 2010)

o Increasing availability of multispectral imagery with very high spatial
resolution (0.5-10 m) from satellite systems such as IKONOS, GeoEye-1,
SPOT-5, and FORMOSAT-2.

e Increasing availability of imaging spectrometer data with more than
100 narrow (10-20 nm) spectral bands at moderately high (10-500 m) resolu-
tion from satellite-borne systems, such as EO-1 Hyperion, and aircraft-borne
systems, such as the Compact Airborne Spectrographic Imager.

e Imaging LiDAR from aircraft platforms for regional studies (for exam-
ple, laser vegetation-imaging sensors) and satellite platforms for global studies
(for example, the Geosciences Laser Altimeter System carried on the Ice, Cloud,
and Land Elevation Satellite).

e Well-calibrated thermal remote-sensing data at fine spatial resolution
(the Advanced Spaceborne Thermal Emission and Reflection Radiometer and
the Hyperspectral Infrared Imager), moderate resolution (the Moderate Resolu-
tion Imaging Spectrodiameter and the Visible Infrared Imager Radiometer
Suite), and coarse resolution (the Geostationary Operational Environmental Sat-
ellite and the Meteosat Second Generation Satellite) for monitoring surface-
energy balance, evapotranspiration, plant stress, and drought.

o Constellations of small satellites capable of high-frequency global cov-
erage for environmental event and disaster monitoring (for example, the UK
Disaster Monitoring Constellation Satellite).

Imaging spectrometers hold special promise for obtaining detailed infor-
mation about plant-community composition and the physiologic condition of
canopies and allowing monitoring of community succession, phenology, species
invasions, crop yield, soil chemistry, and nutrient cycling. Issues of data quality
and data access are diminishing, and progress is being made in radiative-transfer
models, spectral-mixture models, and physically based inversion models for
multiscale monitoring of terrestrial ecosystem processes (Schaepman et al.
2009).
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Imaging LiDAR is especially powerful for tracking changes in surface
elevation, above-ground vegetation biomass, 3D vegetation structure, and 3D
distribution of canopy-leaf area. Particularly in forested regions, LIDAR can be
used to improve estimates of net ecosystem production and carbon stocks over
large areas (Goetz and Dubayah 2011; Hall et al. 2011). Imaging radar has also
been an important tool for monitoring vegetation structure, especially in cloud-
prone areas and areas subjected to seasonal flooding (Bergen et al. 2009). Image
fusion, the combined use of imagery from two or more sensors, can be used to
exploit complementary information from very-high-resolution multispectral
imagery, hyperspectral imagery, and LIDAR (Koetz et al. 2007).

Long-Term Datasets in Real-Time

Dense, long-term environmental datasets in real-time could create a foun-
dation for informed decision-making. A suite of decision-support tools could be
developed for integration with air- and water-quality models at various scales.
For example, data in hospital admission forms could be combined with meteoro-
logical and air quality models in real time to provide health forecasts and warn-
ings. Real-time sensing and modeling of water-borne pathogens in situ could
provide drinking water treatment plants with threat forecasts, alerting them to
the need to change source water or treatment techniques. Special research atten-
tion could be given to handling uncertainty of both data and models. In addition
to deterministic models with uncertainty analyses, probabilistic approaches can
be extremely powerful when computational intelligence tools are used.

Data assimilation and data mining approaches provides innovative possi-
bilities. An example is the use of an intelligent real-time cyberinfrastructure-
based information system called the Intelligent Digital Watershed to better un-
derstand the interactions and dynamics between human activity and water qual-
ity and quantity. Such an approach provides “1) novel uses of data mining algo-
rithms in data quality and model construction, 2) development of specialized
data mining algorithms for [environmental forecasting] applications, 3) devel-
opment of data transformation algorithms, [4)] data-driven modeling of non-
stationary processes, [such as storm forecasting for by-pass wastewater dis-
charges], and [5)] development of decision-making algorithms for models con-
structed with data mining algorithms”.* Using data in a novel way could greatly
expand the analysis capability of EPA and provide insights previously impossi-
ble to obtain without such innovations.

Already, the Consortium of Universities for the Advancement of Hydro-
logic Science, Inc. Hydrologic Information System (HIS) project has a system-
atic data acquisition network for the publication, discovery, and access of water

“NSF-CDL. 2008-2011. CDI-Type II: Understanding Water-Human Dynamics with
Intelligent Digital Watersheds. (#0835607). Jerald L. Schnoor (PI), David Bennett, An-
drew Kusiak, Marian Muste, and Silvia Secchi.
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data (CUAHSI 2012a). HIS has pooled datasets from many sources into a co-
herent and accessible prototype national system for water resource data discov-
ery, delivery, publication, and curation (CUAHSI 2012b). What is missing is the
integration of the data into a modeling or forecasting system, which EPA could
provide. Problems could be analyzed and solved by using an intelligent digital
environmental data system. A human information system is also needed to ar-
chive land use, census, voting, planning, and other socioeconomic data relevant
to environmental processes and management. The socioeconomic and environ-
mental data would be referenced to common coordinates for use in cross refer-
encing and to enable testing of hypotheses concerning how to solve problems in
innovative ways (such as behavioral incentives vs command-and-control).

A central tenet of an intelligent digital environmental data system is that
dense, coherent, accessible, multidisciplinary data will serve as an attractor to
bring together a broad range of environmental scientists, social scientists, and
engineers to pose research questions and devise solutions to environmental prob-
lems. It could encourage a social transformation in how interdisciplinary work is
accomplished.

Archives and Repositories

It is essential to characterize the environment in diverse ways, although
many of the data that result are of limited use without the ability to detect
change over time. The implications of exposure to toxic and harmful materials
are understood to some extent, but many of the issues being addressed by EPA
are in the context of environmental factors whose effects are best characterized
in terms of changing exposures or accumulation of materials. Given the great
spatial and temporal variability of those same factors, it is often difficult to un-
derstand the importance of measurements at a single point in time or space, so
measurements of low spatial and temporal scope can easily lead to spurious con-
clusions. To ensure that EPA and environmental scientists more broadly can
effectively understand the relative importance of any single environmental data-
set, it is critical to develop and maintain long-term records that are composed of
multiple parameters (Lovett et al. 2007). The challenge is to ensure that enough
environmental data are collected and preserved to support understanding of
long-term trends among the key parameters now identified as important, while
providing a high likelihood of providing the data necessary to understand
emerging issues. Making data and samples accessible to future researchers are
central to ensuring that the understanding of environmental phenomenon contin-
ues to grow and evolve with the science. Ensuring that all data collected with
federal funds are archived and accessible is critically important, although ideally
that would be the norm for all environmental data collected with public or pri-
vate funds. It is also important to develop sample archives in which materials are
appropriately stored for analysis or reanalysis later. New measurement tech-
niques are constantly emerging and providing useful insights. When it is feasible
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to do the new analyses with stored samples, and thereby create a long-term re-
cord of exposure or change, the resulting insights can be invaluable for under-
standing the implications of new observations (see Rothamsted 2012 for an ex-
ample of the information that this type of long-term data potentially could
provide).

USING NEW SCIENCE TO DRIVE SAFER
TECHNOLOGIES AND PRODUCTS

In addition to using new tools and technologies to address the major chal-
lenges identified in Chapter 2, it will be important for EPA to continue to look
for new ways of preventing environmental problems before they arise. The tools
and technologies for measuring and managing scientific data outlined in this
chapter have generally been thought of in the context of refined risk-assessment
processes. The use of scientific information for the purposes of risk assessment
is focused in large part on detailed and nuanced problem identification—that is,
a holistic understanding of causes and mechanisms. Such work is important and
valuable in understanding how toxicants and other stressors affect environ-
mental health and ecosystems, and at times is required by statute. However, the
focus on problem identification often occurs at the expense of efforts to use sci-
entific tools to develop safer technologies and solutions. Consideration of
whether functional, cost-effective, and safer alternative manufacturing processes
or materials exist that could reduce or eliminate risks while still stimulating in-
novation is not often part of the risk-assessment processes undertaken by EPA.
Given the changing nature of chemical exposures in the United States, from
large point sources to disperse, non-point exposures, the traditional tools of ex-
posure assessment and control will likely be insufficient to prevent exposure to
chemicals and it may be more effective to place a greater focus on preventing
exposure through design changes. NRC (2009) outlined a framework for risk
assessment in which the assessment process is tied to evaluating risk-
management options rather than the safety of single hazards.

Defining problems without a comparable effort to find solutions greatly
diminishes the value of the agency’s applied research efforts and may impede its
mission to protect human health and the environment. Furthermore, if EPA’s
actions lead to a change in technology, chemical, or practice, there is a responsi-
bility to understand alternatives and to support a path forward that is environ-
mentally sound, technically feasible, and economically viable (Tickner 2011).
Sarewitz et al. (2010) have proposed the Sustainable Solutions Agenda as an
alternative approach to think about sustainability problems in the context of
complex systems. As noted in other parts of this report, uncertainty is an inevi-
table part of decision-making processes surrounding complex risks. The Sus-
tainable Solutions Agenda asks a different set of questions about such problems,
from asking whether “x causes y” or leads to an “unacceptable” risk to “given
current knowledge of the possibility that x causes y, is there a way to move to-
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ward more sustainable practice by reducing or replacing x while preserving
some or most of its benefits?” Such a focus on solutions through alternatives
assessment processes can support the agency’s dual science and engineering
goals: protection and innovation.

The Pollution Prevention Act of 1990 established the principle that all
EPA environmental protection efforts should be based on the prevention or re-
duction of pollution at the source. Pollution prevention was viewed as such an
important program for the agency that its coordination initially occurred through
the administrator’s office (EPA 2008b). On the basis of the Pollution Prevention
Act’s mandates, EPA’s Office of Research and Development (ORD) and the
Office of Pollution Prevention and Toxics (OPPT) embarked on a wide array of
initiatives to develop tools, information sources, technologies, approaches, and
initiatives to advance pollution prevention. Those have resulted in making EPA
a global leader for the application of science and engineering for prevention.
Examples of those initiatives are the Cleaner Technologies Substitutes Assess-
ments, the Green Suppliers Network, and a suite of tools to integrate considera-
tion of pollution prevention into chemical design. With more resources and in-
creased coordination at the highest levels of leadership in the agency, EPA has
the ability to enhance its support for safer technologies and products. Some
mechanisms through which enhanced support can be accomplished include
funding research on safer chemistry; building tools so that designers outside the
agency can create safer chemicals, products, and processes; providing simple
data integration dashboards that will help companies identify and evaluate safer
alternatives to chemicals and materials of concern; and setting up consistent
guidelines, frameworks, and metrics for evaluating safer chemicals and prod-
ucts.

EPA has taken global leadership in three fields of innovative solutions-
oriented science: pollution prevention, Design for the Environment, and green
chemistry and engineering. This suite of programs compromises non-regulatory
approaches that protect the environment and human health by designing or re-
designing processes and products to reduce the use and release of toxic materi-
als. Green chemistry and engineering focuses on molecular design, Design for
the Environment focuses on evaluating the safest chemistries and designs for a
particular functional use, and pollution prevention focuses on reducing or elimi-
nating emissions and waste in the manufacturing process. The three programs
have evolved and changed over time and are overlapping in many ways, but they
address different parts of the production process, from chemical design to the
use of chemicals in product design to the application in manufacturing. Despite
the overlapping connections, the three programs have not been fully integrated
in EPA’s administrative structures within or between ORD and OPPT, which
may ultimately limit the impact and effectiveness of the programs.

Pollution prevention, Design for the Environment, and green chemistry
and engineering share a number of common features. First, they have a strong
emphasis on education and assistance. To support the change in mindset from
“controlling exposure to hazardous materials” to “preventing generation of haz-



90 Science For Environmental Protection: The Road Ahead

ardous materials” or “reducing the hazards of the materials of commerce”, each
program has developed educational materials. Technical assistance and tools,
methods, and expertise are also provided, and research efforts are initiated
through ORD and OPPT. Second, they align environmental protection with eco-
nomic development. A strong incentive for participation in the programs derives
from the potential for economic advantages that result from alternative ap-
proaches. Using less material or less toxic materials can reduce costs. Innovative
solutions driven by environmental concerns can open new markets. Third, they
promote strong partnerships between agencies, industry, nongovernment organi-
zations, and academic institutions. The programs recognize participants from
outside the agency, including all the stakeholders in the chemical enterprise, as
partners that are needed to implement the changes that the programs promote.
The partners bring content expertise, research and development resources, and
commercialization pipelines that are essential for implementing change and
bringing improved products or processes into the marketplace. Fourth, they pro-
vide a mechanism for nimbleness. In emphasizing the search for innovative so-
lutions to specific problems, the programs are nimble. In each case, small sup-
porting efforts within the agency support a framework that harnesses and
leverages the efforts of innovators in industry, academe, and nongovernment
organizations. And fifth, they are a form of voluntary action. Each program
promotes participation through incentives as opposed to regulatory approaches.
Self-interest of the participants rewards and reinforces participation. These pro-
grams are described in greater detail below.

Pollution Prevention

Launched in 1990 through the Pollution Prevention Act (EPA 2011c),
EPA’s pollution-prevention program was a paradigm shift for the agency in its
focus on preventing the generation of waste (source reduction) as opposed to the
previous command-and-control, “end-of-pipe” solutions (Browner 1993). The
agency recognized that the new approach could be more cost-effective and pro-
vide competitive advantages for companies that adopted it. EPA’s pollution-
prevention efforts have focused on partnerships for prevention in various sec-
tors, such as the automobile, electronics, and health-care sectors; technical sup-
port through a network of federal and state technical-assistance providers; tech-
nology-development projects; demonstration projects to evaluate technologies;
sustainable procurement; and the development of tools for evaluating pollution-
prevention options. EPA has established a 2011-2014 strategic plan for pollu-
tion prevention that outlines directions for the program (EPA 2010). It has a
responsibility to ensure that the market is moving in the right direction, and this
can be accomplished through some of the mechanisms described above. Box 3-2
shows an example of how the private sector has influenced the market without
the use of regulatory mandates.
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BOX 3-2 Example of Private Industry’s Influence on the
Supply Chain without Regulatory Mandates

The increasingly global nature of production, coupled with the expanding
number of chemicals used in commerce, presents a daunting challenge for
protection of human health and ecosystem quality. It is also challenging for
either regulations or the underlying science to keep pace. When the complex
interactions between chemicals and their vast production networks are con-
sidered, the problems become even more daunting inasmuch as they span
organizational and national boundaries.

Partly as a response to those challenges, corporations in several indus-
tries have begun to issue supply-chain mandates in which they demand
changes in production processes and material inputs from suppliers over
which they exert economic influence. Under those mandates, firms in a corpo-
ration’s supply chain are obliged to meet customer expectations and adopt
specific requirements with the promise of future contracts or under the threat
of discontinuation of business. The private-sector policies are rapidly emerg-
ing as part of a new generation of quasiregulatory policy tools whereby pri-
vate organizations use economic leverage to effect changes in pursuit of the
public good. The efficacy of such mandates is still an open question, but their
emergence signals an important evolution and opportunity in the development
of strategies aimed at improving consumer protections against exposure to
harmful substances. Although such private-sector actions are not a substitute
for effective chemical regulations, if developed and executed correctly, they
can augment public policies substantially.

An example of the potential influence of managing supply chains is Wal-
Mart's commitment to selling high-efficiency light bulbs and the effects that
policy had on energy use in the United States (Barbaro 2007). By working
with its suppliers on product quality and price, they fulfiled a commitment to
quadruple sales of efficient light bulbs. These sales were equal to the maxi-
mum sustainable sales—that is, the number of light bulbs per household and
the technology available. This effort radically reduced the electricity used by
their customers, reducing demand for electricity that was equal to the output
of three or four 700 MW power plants.

Another example that demonstrates the power of the marketplace for
chemical substitution is bisphenol-A in polycarbonate water bottles (Tickner
2011). As a result of consumer campaigns, emerging science, and state regu-
lations, major retailers of water bottles, such as REI, rapidly switched from
polycarbonate to alternative materials. However, in the switch, little research
was undertaken on the alternative materials, which has the potential to lead to
health and environmental concerns at a later time.

Design for the Environment

Established in 1992, EPA’s Design for Environment program is a model
of stakeholder-engaged product design to reduce the environmental effects of
consumer products. The Design for Environment concept “encourages busi-
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nesses to incorporate environmental and health considerations in the design and
redesign of products and processes” (EPA 2001). It merges several non-
regulatory, voluntary initiatives related to the synthesis of chemicals that are
safer, an analysis of the risks related to these chemicals, and the development of
alternative chemicals and technologies (EPA 2012¢). It promotes a collaborative
process to improve product design, provides information and tools on design
strategies and alternative ingredients, and uses technical assistance, design
methods, and a labeling program to create incentives for participation. To
achieve its goals, Design for Environment has undertaken cutting-edge research
on tools and approaches for advancing safer product design, undertaken a num-
ber of supply chain partnerships on more sustainable materials, and engaged in
significant outreach with industry and other partners (EPA 1999). Design for the
Environment partnerships consider human health and environmental implica-
tions, the performance of products, and the economic effects of traditional and
alternative chemicals, materials, technologies, and processes (EPA 2006b). In
recent years, a primary goal of the Design for the Environment program has
been to achieve “informed substitution”, that is, moving from a chemical that
raises health or environmental concerns to chemicals that are known to be safer
or to nonchemical alternatives (EPA 2009). According to EPA (2009), “the
goals of informed substitution are to minimize the likelihood of unintended con-
sequences, which can result from a precautionary switch away from a chemical
of concern without fully understanding the profile of potential alternatives, and
to enable a course of action based on the best information—on the environment
and human health—that is available or can be estimated.” Design for the Envi-
ronment achieves its goals through both alternatives-assessment processes and
recognition programs. Through its alternatives-assessment processes, Design for
the Environment has evaluated alternatives to polybrominated diphenylethers in
furniture flame retardants, tetrabromobisphenol-A in printed-circuit boards, and
bisphenol-A in thermal cash-register tape, and is examining alternatives to
phthalates in wire and cable. The Design for the Environment Safer Product
Labeling Program evaluates products and labels the ones that meet the pro-
gram’s safety standards (EPA 2012f). EPA establishes minimum toxicologic
criteria for individual cleaning-formulation constituents, and manufacturers
submit alternatives that meet the criteria for third-party certification, creating a
marketplace for alternative formulations. EPA has developed detailed transpar-
ent criteria for evaluation for both programs.

Green Chemistry and Engineering

Green chemistry is another innovative approach to environmental protec-
tion that emerged from the Pollution Prevention Act of 1990 (EPA 2011d).
Green chemistry and engineering incorporates hazard reduction and waste
minimization into design at the molecular level to reduce hazards throughout the
life cycle. Green chemistry has been defined as “the utilization of a set of prin-
ciples that reduces or eliminates the use or generation of hazardous substances in
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the design, manufacture and application of chemical products” and is guided by
12 design principles set forth by Anastas and Warner (2000). The approach goes
well beyond reduction of waste and process optimization—it drives the redesign
of production and processes at the molecular level. The scope of green chemis-
try extends beyond alternative-chemicals assessment; when alternatives are not
available or suitable, green chemistry principles can be used to design new sub-
stances that have environmental performance incorporated at the design stage.
The principles address effects throughout the life cycle of a material or product
and spur new solutions that represent system-wide reduction in effects as op-
posed to reduction in effects in only one facet of the life cycle.

Case studies have been used to show how green chemistry and engineer-
ing reduce costs and spur innovation by exploring entirely new approaches that
are driven by life-cycle thinking and systems thinking. EPA’s green chemistry
efforts center around research on innovative technologies, provision of tools to
evaluate and design green chemistries and processes, and recognition of leader-
ship in green chemistry innovation. For example, the Presidential Green Chem-
istry Challenge Awards Program (established in 1995) has been used to reward
success in green chemistry and to communicate the value of the approach for
reducing effects and advancing commercial interests. According to EPA (EPA
2011e),

During the program’s life, EPA has received more than 1,400 nominations
and presented awards to 82 winners. Winning technologies alone are re-
sponsible for reducing the use or generation of more than 199 million
pounds of hazardous chemicals, saving 21 billion gallons of water, and
eliminating 57 million pounds of carbon dioxide releases to the air. These
benefits are in addition to significant energy and cost savings by the win-
ners and their customers.

Future Implications for Innovation

The three programs described above demonstrate the potential for innova-
tive approaches to advance and use scientific knowledge to protect health and
the environment through the redesign of chemicals, materials, and products.
They also show the role that EPA can play in driving decisions by providing
high-quality scientific information. Since their inception, the three programs
have had important data needs and strong links to data generation and tools de-
velopment. For example, pollution-prevention efforts have been measured using
data on chemical release, waste, and use generated by the Toxics Release Inven-
tory and in accordance with several state-level pollution-prevention bills. EPA’s
Sustainable Futures Initiative has relied on data from EPA’s New Chemicals
Program and EPA’s expertise in chemical assessment and structure—activity
relationships to develop tools to assist chemical designers in developing safer
products (EPA 2012g). Similarly, efforts are underway to utilize data developed
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through EPA’s ToxCast and ExpoCast programs for the development and
evaluation of options for green chemistry and Design for the Environment. A
2011 workshop hosted by the NRC Committee on Emerging Science for Envi-
ronmental Health Decisions specifically explored applying 21st century toxicol-
ogy to green chemical and material design (NRC 2011).

The science and engineering tools and technologies for measuring, moni-
toring, and managing environmental and health data outlined in Chapter 3 can
provide essential information to drive sustainable solutions through prevention
programs. For example, data on chemicals used in media and sensing can be
important in setting priorities among chemicals, processes, and products for pre-
vention actions and for measuring results of such actions; toxicogenomics and
exposure data are critical for supporting design and evaluation of new technolo-
gies, comparing alternatives throughout their life cycles, and helping to avoid
unintended consequences; and crowdsourcing and social-media tools provide a
mechanism for sharing information about successful innovations and enhancing
existing technical support and demonstration efforts. In addition to traditional
environmental sciences, there is a critical need for behavioral and social sciences
in advancing the development and adoption of safer chemicals, materials, and
products. The data that these scientific disciplines provide are important inputs
for characterizing and making the economic case for new technologies, for un-
derstanding business and consumer behavior, and for effecting the behavioral
changes necessary to ensure such innovations take root in such a way that con-
sumer preferences recognize safer materials.

SUMMARY

In today’s information age, explosive amounts of data are generated
through all kinds of media, for different purposes, and by commercial or re-
search organizations in both the private and public sectors. It will be a corner-
stone of the future of science in general, and EPA’s future science in particular,
that EPA be able to harvest and synthesize the large amounts of data that tran-
scend geopolitical and scientific disciplinary boundaries. Taking advantage of
these data requires a variety of techniques, led by careful problem formulation to
ensure that the appropriate data are being collected or analyzed. It also requires
state-of-the-art capability in data integration and synthesis, particularly in the
areas of data-mining, and in modeling of biologic systems with biostatistics,
computer simulation, and other emerging methods. Although the committee
notes that it is imperative that EPA be conversant in the latest tools and tech-
nologies, a subset of which are discussed in this chapter, it also recognizes that
there are substantial constraints on resources. In many cases, building capacity
in new and emerging technologies can be achieved through strategic collabora-
tions and should not come at the expense of core disciplines relevant to its mis-
sion. These core disciplines include, but are not limited to, statistics, chemistry,
economics, environmental engineering, ecology, toxicology, epidemiology, ex-
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posure science, and risk assessment. Regardless, leveraging insights from new
tools and technologies will be necessary to address some of the emerging prob-
lems of the 21st century.
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Building Science for Environmental
Protection in the 21st Century

Since its formation in 1970, the US Environmental Protection Agency
(EPA) has had a leadership role in developing the many fields of environmental
science and engineering. From ecology to health sciences, environmental engi-
neering to analytic chemistry, EPA has stimulated and supported academic re-
search, developed environmental education programs, supported regional sci-
ence initiatives, supported and promoted the development of safer and more
cost-effective technologies, and provided a firm scientific basis of regulatory
decisions and prepared the agency to address emerging environmental problems.
The broad reach of EPA science has also influenced international policies and
guided state and local actions. The nation has made great progress in addressing
environmental challenges and improving environmental quality in the 40 years
since the first Earth Day.

As a regulatory agency, EPA applies many of its resources to implement-
ing complex regulatory statutes, including substantial commitments of scientific
and technical resources to environmental monitoring, applied health and envi-
ronmental science and engineering, risk assessment, benefit—cost analysis, and
other activities that form the foundation of regulatory actions. The primary focus
on its regulatory mission can engender controversy and place strains on the con-
duct of EPA’s scientific work in ways that do not affect most other government
science agencies (such as the National Institute of Environmental Health Sci-
ences and the National Science Foundation). Amid this inherent tension, re-
search in EPA generally, and in the Office of Research and Development (ORD)
in particular, strives to meet the following objectives:

e Support the needs of the agency’s present regulatory mandates and
timetables.

o Identify and lay the intellectual foundations that will allow the agency
to meet environmental challenges that it faces and will face over the course of
the next several decades.
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e Determine the main environmental research problems on the US envi-
ronmental-research landscape.

¢ Sustain and continually rejuvenate a diverse inhouse scientific research
staff—with the necessary laboratories and field capabilities—that can support
the agency in its present and future missions and in its active collaboration with
other agencies.

e Strike a balance between inhouse and extramural research investment.
The latter can often bring new ideas and methods to the agency, stimulate a flow
of new people into it, and support the continued health of environmental re-
search in the nation.

Those multiple objectives can lead to conflict. For example, ORD re-
sources that are applied to expanding staff and expediting science reviews and
risk assessment in the National Center for Environmental Assessment may di-
vert resources from longer-term program development and research. However,
the agency has shown itself capable of maintaining a longer-term perspective in
several instances, such as the establishment and maintenance of the Science to
Achieve Results (STAR) grant program for extramural research, anticipatory
moves to develop capability in computational toxicology, and the development
and sustained implementation of multiyear research plans, for example, for re-
search on airborne particulate matter (now the Air Quality, Climate, and Energy
multiyear plan). In each of those cases, EPA identified ways both to give longer-
term goals higher priority and to identify and commit resources to them. How-
ever, the tension between the near-term and longer-term science goals for the
agency is likely to increase as more and more contentious rules are brought for-
ward and as continuing budget pressures constrain and reduce science resources
overall.

In light of the inherent tension, the emerging environmental issues and
challenges identified in Chapter 2, and the emerging science and technologies
described in Chapter 3, this chapter attempts to identify key strategies for build-
ing science for environmental protection in the 21st century in EPA and beyond.
Specifically, the chapter lays out a path for EPA to retain and expand its leader-
ship in science and engineering by establishing a 21st century framework that
embraces systems thinking to produce science to inform decisions. That path
includes staying at the leading edge by engaging in science that anticipates, in-
novates, is long term, and is collaborative; using enhanced systems-analysis
tools and expertise; and using synthesis research to support decisions. In sup-
porting environmental science and engineering for the 21st century, EPA will
need to continue to evolve from an agency that focuses on using science to char-
acterize risks so that it can respond to problems to an agency that applies science
to anticipate and characterize both problems and solutions at the earliest point
possible. Anticipating and characterizing problems and solutions should opti-
mize social, economic, and environmental factors.
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EMBRACING SYSTEMS THINKING FOR PRODUCING AND
APPLYING SCIENCE FOR DECISIONS: A 21°" CENTURY
FRAMEWORK FOR SCIENCE TO INFORM DECISIONS

The continued emergence of major new and complex challenges described
in Chapter 2—and the need to deal with the inevitable uncertainty that accom-
panies major environmental, technologic, and health issues—will necessitate a
new way to make decisions. As described in Chapter 3, systems thinking has
begun to take root in biology and other fields as a means of considering the
whole rather than the sum of its parts; this will be essential as increasingly com-
plex problems and the challenges described in Chapter 2 present themselves.
The emergence of “wicked problems”, the increasing need to address exposures
of humans and the ecosystem to multiple pollutants through multiple pathways
(some of which are global), and the continuing challenges for the analysis and
characterization of uncertainty throughout science and decision-making combine
to make the adoption of systems thinking critical.

The systems-thinking perspective is useful not only for characterizing
complex effects but for designing sustainable solutions, whether they are inno-
vative technologies or behavioral changes. Understanding systems is also impor-
tant for determining where leverage points exist for the prevention of health and
environmental effects (Meadows 1999). To successfully inform future environ-
mental protection decisions in an increasingly complex world, systems thinking
must, at a minimum, include consideration of cumulative effects of multiple
stressors, evaluation of a wide range of alternatives to the activity of concern,
analysis of the upstream and downstream life-cycle implications of current and
alternative activities, involvement of a broad range of stakeholders in decisions
(particularly where uncertainty is significant), and use of interdisciplinary scien-
tific approaches that characterize and communicate uncertainties as clearly as
possible. As part of a systems perspective, it will be important for the agency to
engage in “systems mapping” to comprehensively understand the way in which
interacting stressors (such as environmental, human, technologic, socioeco-
nomic, and political stressors) map to health and environmental impacts and to
identify where intervention points can result in primary prevention solutions.

Although EPA has made efforts over the years to attempt to bring systems
concepts into its work, most recently in its efforts to reorganize its activities
under a sustainability framework (Anastas 2012), these efforts have rarely been
integrated throughout the agency, nor sustained from one set of leaders to an-
other. To begin to address the lack of a sustained systems perspective, the com-
mittee has developed a 21st century framework for decisions (Figure 4-1) and
recommends a set of organizational changes to implement that framework (see
Chapter 5). The framework features four elements that will be critical for in-
forming the complex decisions that EPA faces:

e To stay at the leading edge, EPA science will need to
o Anticipate.
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o Innovate.
o Take the long view.
o Be collaborative.

o EPA will need to continue to evaluate and apply the new tools for data
acquisition, modeling, and knowledge development described in Chapter 3.

e EPA will need to continue to develop and apply new systems-level
tools and expertise for systematic analysis of the health, environmental, social,
and economic implications of individual decisions.

o EPA will need to continue to develop tools and methods for synthesiz-
ing science and characterizing uncertainties, and will need to integrate methods
for tracking and assessing the outcomes of actions (that is, for being account-
able) into its decision process from the outset.

STAYING AT THE LEADING EDGE OF SCIENCE

EPA can maintain its global position in environmental protection by staying
at the leading edge of science and engineering research. Staying at the edge of
science knowledge requires staying at the edge of science practice. In addition to
understanding the latest advances in the science and practice of environmental
protection, EPA will need to continue to engage actively in the identification of
emerging scientific and technologic developments, respond to advances in science
and technology, and use its knowledge, capacity, and experience to direct those
advances. That is consistent with the two principal goals for science in the agency:
to safeguard human health and the environment and to foster the development and
use of innovative technologies (EPA 2012).

For EPA to stay at the leading edge, the committee presents a set of over-
arching principles for research and policy that begins to address the challenges
of wicked problems. To be able to predict and adequately address existing chal-
lenges and prevent on-the-horizon challenges, EPA’s science will need to

e Anticipate. Be deliberate and systematic in anticipating scientific,
technology, and regulatory challenges.

e Innovate. Support innovation in scientific approaches to characterize
and prevent problems and to support solutions through more sustainable tech-
nologies and practices.

o Take the long view. Track progress in ecosystem quality and human
health over the medium term and the long term and identify needs for midcourse
corrections.

e Be collaborative. Support interdisciplinary collaboration in and outside
the agency, across the United States, and globally.

Those four principles support the flow of science information (from data
to knowledge) in EPA to inform environmental decision-making and strategies
for inducing desirable environmental behaviors.
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Science That Anticipates

Continually striving to more effectively anticipate challenges and emerg-
ing environmental issues will help EPA to stay at the leading edge of science.
That involves two main sets of activities: anticipating concerns and developing
guidance to avoid problems with new or emerging technologies, and establish-
ing key indicators and tracking trends in human health and ecosystem quality to
identify and dedicate resources to emerging environmental problems. Further-
more, continuing to anticipate (and direct resources to) targeted science and
technology developments will allow EPA to enhance its ability to identify early
warnings and prevent effects before they occur. Fulfilling the anticipatory func-
tion can be difficult when the day-to-day pressures to respond to regulatory
deadlines can take most of, if not all, an EPA leader’s time and attention. Hence,
anticipatory activities will need to be pursued in collaboration with other gov-
ernment agencies, the private sector, and academic engineers and scientists.

Anticipating Environmental and Health Effects of New Technologies

One example of EPA’s efforts to identify emerging challenges has been
the engagement of its National Advisory Council for Environmental Policy and
Technology (NACEPT). NACEPT is an external advisory board established in
1988 to provide independent advice to the agency on a variety of policy, tech-
nology, and management issues. The advisory council recently identified several
challenges that EPA will need to focus on in the future (EPA NACEPT 2009).
The most important challenges identified included climate change, biodiversity
losses, and the quality and quantity of water resources. NACEPT also identified
corresponding organizational needs for EPA to meet existing and emerging en-
vironmental challenges, including improving its ability to use technology more
effectively, to transfer technology for commercial uses, and to enhance commu-
nication in and outside the agency. The committee concurs with the advisory
council’s observations that although EPA has demonstrated the ability to create
and implement solutions to new challenges in some cases, emerging challenges
need to be approached in a more integrated and multidisciplinary way. The
committee also concurs with NACEPT’s recommendation that EPA include
“environmental foresight” or “futures analysis” activities as a regular component
of its operations.

Some of EPA programs, including its New Chemicals program and De-
sign for the Environment program (see Chapter 3), already demonstrate strate-
gies for anticipating and mitigating future problems (Tickner et al. 2005). In
those programs, EPA has used information on what is known about chemical
hazards to develop a series of models so that chemical manufacturers and formu-
lators can predict potential hazards and exposures in the design phase of chemi-
cals. The models are updated as new knowledge emerges. The Design for the
Environment example demonstrates that EPA will be best able to address
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emerging issues through enhanced interdisciplinary collaboration and by using
systems thinking and enhanced analysis tools to understand the human health
and ecologic implications of important trends. Addressing emerging issues
should include consideration of the full life cycle of products, establishment of
large-scale surveillance systems to address relevant technologies and indicators,
and the analytic ability to detect historical trends rapidly.

Although EPA has engaged NACEPT and its Science Advisory Board
(SAB) to help in anticipating trends and has individual programs designed to
address concerns about existing and emerging technologies and identify promis-
ing new technologies (see, for example, EPA 2011a), the agency does not ap-
pear to have a systematic and integrated process for anticipating emerging is-
sues. The example of engineered nanomaterials (discussed below and described
in Chapter 3) illustrates some of the problems and pitfalls of current approaches
to emerging technologies. A better understanding of such technologies can help
to identify and avert ecosystem and health effects and in some cases to avoid
unwarranted concern about new technologies that pose little risk.

In principle, early consideration of environmental effects in the design of
emerging chemicals, materials, and products offers advantages to businesses,
regulatory agencies, and the public, including lower development and compli-
ance costs, opportunities for innovations, and greater protection of public health
and the environment. Yet, despite nearly 15 years of investment in engineered
nanotechnology and the use of nanomaterials in thousands of products, recogni-
tion of potential health and ecosystem effects and design changes that might
mitigate the effects have been slow to arrive. Indeed, a December 2011 report by
the EPA Office of Inspector General (EPA 2011b) found several limitations in
EPA’s evaluation and management of engineered nanomaterials and stated the
following:

e “Program offices do not have a formal process to coordinate the dis-
semination and utilization of the potentially mandated information.

e “EPA is not communicating an overall message to external stake-
holders regarding policy changes and the risks of nanomaterials.

o “EPA proposes to regulate nanomaterials as chemicals and its success
in managing nanomaterials will be linked to the existing limitations of those
applicable statutes.

e “EPA’s management of nanomaterials is limited by lack of risk infor-
mation and reliance on industry-submitted data.”

The Office of Inspector General concluded that “these issues present significant
barriers to effective nanomaterial management when combined with existing
resource challenges. If EPA does not improve its internal processes and develop
a clear and consistent stakeholder communication process, the Agency will not
be able to assure that it is effectively managing nanomaterial risks.”
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How EPA arrived at that situation provides important information for the
design and evaluation of new and emerging technologies. EPA was actively
working with other agencies to make large investments in nanotechnology dur-
ing implementation of the 21st Century Nanotechnology Research and Devel-
opment Act. In particular, the agency saw the opportunity to use nanotechnology
in remediation and funded this type of research. However, it missed the oppor-
tunity to support research that addressed proactively the environmental health
and safety of nanomaterials, pollution prevention in the production of nanomate-
rials, and the use of nanotechnology to prevent pollution. In early years, the
agency focused primarily on the applications of nanomaterials and not on the
environmental and health implications. When it did begin to address implica-
tions, the agency focused its attention on defining nanomaterials and whether
they are subject to new policy structures because of size-specific hazards (an
issue that is still discussed) and on cataloging and redirecting existing research
and resources toward assessing exposure, hazard, and risk. The private sector
has been left looking for signals from the agency about how it should develop
and commercialize nanoscale products.

There were several reasons for the delay in early intervention in the case
of nanotechnology. One reason was that materials innovators were focused on
discovering new materials and promoting applications of them. Another reason
is that materials innovators often have little expertise or formal training in envi-
ronmental, health, and safety issues. Some of these innovators assumed that
nothing about nanomaterials presented new challenges for environmental health
and safety and that these were secondary matters to be considered only after
commercial products are developed. A third reason was that there was insuffi-
cient federal agency leadership, emphasis, and policy regarding proactive rather
than reactive approaches to safer design. Even with increasing knowledge about
the design of environmentally benign engineered nanomaterials, progress toward
incorporating greater consideration of health and safety in nanomaterial design
has been limited for a variety of reasons, including the lack of design rules or
other guidance for designers in developing safer technologies, the lack of exper-
tise in solutions-oriented research in EPA, and the lack of collaboration between
material innovators and toxicologists and environmental scientists.

The case of engineered nanomaterials indicates the need for EPA to estab-
lish more coherent technology-assessment structures to identify early warnings
of potential problems associated with a wide range of emerging technologies. If
EPA is going to play a major role in promoting and guiding early intervention in
the design and production of emerging chemicals (through green chemistry),
materials, and products, it will need to commit to this effort beyond its regula-
tory role.

Many new chemicals and technologies hold considerable potential to im-
prove environmental quality, and it may prove useful for EPA to take some spe-
cific steps to anticipate and manage new technologies that emerge from the pri-
vate sector. Some of these specific steps can be done in collaboration with other
agencies, industries, and research organizations when possible. They include:
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e Develop baseline design guidelines for new chemicals and technolo-
gies and fund research that can anticipate potential effects as part of technology
development.

e Balance near-term research that is focused on understanding the poten-
tial risks posed by chemicals and technologies that are closer to commercializa-
tion with substantial development of longer-term predictive, anticipatory ap-
proaches for understanding the potential effects of the technologies.

e Establish processes to collaborate with external partners in academe
and industry to attain needed expertise in the development of common metrics
for evaluation of emerging technologies.

e Establish opportunities that educate and bring together chemical and
materials innovators and environmental health and safety experts (and other
stakeholders) to collaborate in understanding and intervening in chemical and
materials design.

e Support efforts to amass and disseminate data, models, and design
guidelines for safer design to guide emerging technologies.

e Embrace imperfect or incomplete information to guide actions. Uncer-
tainty will always exist in the case of emerging technologies, and identifying
alternative paths for action would allow EPA to act or provide guidance for de-
velopment and commercialization in the face of incomplete data.

Anticipating Emerging Challenges, Scientific Tools, and Scientific
Approaches

In recent years, EPA has had to make decisions on several headline-
grabbing environmental issues with underdeveloped scientific and technical
information or short timelines to gather critical new information, for example,
during natural disasters. EPA will always need the capacity to respond quickly
to surprises, in part by maintaining a strong cadre of technical staff who are
firmly grounded in the fundamentals of their disciplines and able to adapt and
respond as new situations arise. But the agency also needs to scan the horizon
actively and systematically to enhance its preparedness and to avoid being
caught by surprise. Anticipating new scientific tools and approaches will allow
EPA to fulfill its mission more effectively.

Collaboration is critical for identifying and addressing many of the topics
discussed in Chapter 2, such as trends in energy and climate change and “emerg-
ing” environmental concerns that are not new but are the result of improvements
in detection capabilities. For example, critics have suggested that the agency’s
slow response to growing scientific concern about effects of pharmaceutical and
personal-care products in surface waters was due in part to its lack of infrastruc-
ture or collaboration to address problems that span media and jurisdictions
(Daughton 2001). EPA’s efforts to anticipate science needs and emerging tools
to meet these needs cannot succeed in a vacuum. As it focuses on organizing
and catalyzing its internal efforts better, it will need to continue to look outside
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itself—to other agencies, states, other countries, academe, and the private sec-
tor—to identify relevant scientific advances and opportunities where collabora-
tion that relies on others’ efforts can be the best (sometimes the only) means of
making progress in protecting health and the environment.

Finding: Although EPA has periodically attempted to scan for and anticipate
new scientific, technology, and policy developments, these efforts have not been
systematic and sustained. The establishment of deliberate and systematic proc-
esses for anticipating human health and ecosystem challenges and new scientific
and technical opportunities would allow EPA to stay at the leading edge of
emerging science.

Recommendation: The committee recommends that EPA engage in a delib-
erate and systematic “scanning” capability involving staff from ORD, other
program offices, and the regions. Such a dedicated and sustained “futures
network” (as EPA called groups with a similar function in the past), with
time and modest resources, would be able to interact with other federal
agencies, academe, and industry to identify emerging issues and bring the
newest scientific approaches into EPA.

Science That Innovates

Given EPA’s mission and stature as the leading government environ-
mental science and engineering organization, it is imperative that it innovate and
support innovation elsewhere in technologies, scientific methods, approaches,
tools, and policy instruments. “Innovation” can be challenging to define for a
regulatory agency, but one component involves advancing the ability of the
agency to discover and characterize problems at a systems level and to provide
decision-makers with solutions that are effective and that balance the multiple
objectives relevant to the agency and society. Spinoffs from innovation within
the agency and activities to promote innovation outside the agency can help en-
vironmental authorities in states and other countries to solve their problems and
can encourage the regulated community to discover less expensive, faster, and
better ways to meet or exceed mandated compliance. Based on the above per-
spective and using analogies to the typical business definition of innovation, the
section below considers processes by which EPA can incorporate and promote
innovation.

Identifying Opportunities and Meeting Desired Customer Outcomes

Innovations typically begin with two processes: the identification of op-
portunity and the understanding of desired “customer” outcomes. An opportu-
nity is simply a “gap” between the current state and a more desirable situation as
envisioned by customers. The gaps can be technologic in nature (for example,
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the need for the design of a new sensor to measure something of interest) or re-
lated to a process or business (for example, the need for an approach to obtain
up-to-date information from stakeholders). Once an opportunity has been identi-
fied and analyzed, an understanding of desired customer outcomes is needed to
create innovative solutions.

Understanding desired outcomes goes well beyond simply talking to cus-
tomers; it includes putting oneself in the clients’ shoes to separate what they say
they want from what they want. A common mistake in trying to innovate is to
substitute desired producer outcomes for desired customer outcomes. While
EPA is in a different position from product manufacturers, only by understand-
ing why customers are purchasing products can the agency help promote crea-
tive solutions. One example is the development of alternative plasticizers for
polyvinyl chloride plastics rather than alternative materials that do not require
plasticizers. Another example is the creation of less toxic flame retardants rather
than creation of an inherently flame-retardant fabric or even consideration of
whether flame retardancy is needed for a particular part or product. Insightful,
unbiased determination of desired customer outcomes is crucial for proper sup-
port of innovation.

An innovative means of defining desired customer outcomes is ethnogra-
phy, hypothesis-free observation of customers in their “natural habitats”. The
technique, pioneered by such design firms as IDEO (Palo Alto, CA), has pro-
duced a number of insights into consumer behavior that have been translated
into successful products. For EPA, the analogue of ethnography is the willing-
ness of staff to visit their “customers” (for example, industry, the general public,
or even specific EPA regional offices or laboratories) to see technology or sci-
ence needs, to see where current regulations or prescribed methods cause people
to struggle to conform, or to see where regulations create perverse results. An
example of the benefits of observing customer needs is the design of the copying
machine. In the 1970s, Xerox used anthropology graduate student Lucy Such-
man to observe how users interacted with their copying machines. Suchman
created a video showing senior computer scientists at Xerox struggling to make
double-sided copies with their own machines. Surprising ethnographic results
like that have led to a host of innovative alterations in office equipment that ren-
der the user experience much more productive (Suchman 1983). While direct
observation of this sort may be unusual for a regulatory agency, similar observa-
tional activities by EPA might lead to insights regarding how consumer products
are actually used (informing exposure models) or whether responses to specific
regulations have unintended consequences that could be readily addressed.

In business, innovation is a catalyst for growth. Business innovation in-
volves the development of ideas or inventions and their translation to the com-
mercial sphere. Innovation results in rapid (favorable) change in market size,
market share, sales, or profit through the introduction of new products, proc-
esses, or services. Those are clear outcomes that are relatively easy to measure.
In an agency like EPA, innovation plays a different role but one that is no less
important for the success of the agency in achieving its mission, adapting to
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changing conditions, and maintaining its authoritative status. Innovation can be
thought of as “the conversion of knowledge and ideas into a benefit, which may
be for commercial use or for the public good.”" For the purposes of EPA, the
committee is using the term innovation as a new means by which to achieve
enhancements to environmental and public health at reduced private-sector and
public-sector costs. It is essential for EPA to identify and focus on desired out-
comes rather than being tied to established processes, procedures, or routines; a
fundamental lesson from research on business innovation is that the process is
best served by a focus on outcomes.

The simplest measures of success are advances toward goals like cleaner
air or safer drinking water, which are most often guided by legislation. Given
the scarcity of resources for environmental protection and given the concern for
income and employment, EPA has an interest in the private-sector and public-
sector costs of achieving health and environmental goals. For EPA, innovation
can be measured in such outcomes as direct benefits to health and the environ-
ment or in reductions in private-sector and public-sector costs of achieving these
outcomes. Continuing to strive to create and promote new processes, tools, and
technologies can advance such outcomes. The agency can be innovative in rela-
tion to health and the environment by influencing current business and govern-
ment practices via technology transfer and education.

US Environmental Protection Agency Supporting Innovation

EPA has done much in the past to support the development of innovative
ideas in portions of its activities. One example is the development of ways of
evaluating and using rapidly emerging biologic testing, as described in Chapter
3. Another is the recent launch of an internal competition called Pathfinder In-
novation Projects, which promotes innovation in the agency (EPA 2011c). The
program received 117 proposals from almost 300 scientists after its first call for
proposals and, after an external peer-review process, funded 12 initial projects
(Preuss 2011). Such programs as Design for the Environment, the agency’s re-
cent efforts to crowdsource some questions through the Innocentive Web site
(described in the section “Identifying New Ways to Collaborate” below), and
new technologies in hydroinformatics are examples of efforts to identify innova-
tive solutions. In addition, the federal government’s Open Government Initiative
and its Challenge.Gov Web site are encouraging innovation in all agencies.
Those efforts, however, have not been systematic, and they have not been de-
veloped strategically to encourage the much larger potential innovation that
could come from the private sector.

When the outcomes are of mutual interest, the agency can help to support
and encourage private-sector innovation to serve its desired outcomes in several
systematic ways. First, agency scientists generally have a broad view of emerg-

"http://www.creativeadvantage.com/innovation-definition.aspx
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ing toxicologic and human health data—data that may suggest that particular
current commercial products are problematic from a health and safety perspec-
tive. Highlighting or publicizing such data could provide early hints to manufac-
turers that replacements may be needed in the future and prompt enterprising
companies and entrepreneurs to work to develop alternative means of satisfying
desired customer outcomes. The committee does not advise EPA to try to de-
velop solutions, inasmuch as the research environment in the agency is unlikely
to be able to duplicate the resources and competitive pressures that drive the
commercial product-development market. But providing clear signals of poten-
tial future environmental opportunities to the commercial sphere may be enough
to prompt the creation of improvements.

Second, EPA can and does provide resources to support private-sector in-
novation directly. Examples are the EPA Small Business Innovation Research
program and enhanced awards programs, such as the Presidential Green Chem-
istry Awards. Targeting of such programs to address problems that EPA scien-
tists find particularly intractable or to address problems that it does not have the
capacity to address can be a valuable means of stimulating the entrepreneurial
community to attack problems of direct interest to the agency. To have the re-
sources needed to support private-sector innovation directly at the levels neces-
sary to produce results, the agency would benefit from collaborating and part-
nering with other agencies that have far greater budgets and resources and
similar or complementary innovation challenges, for example, the National In-
stitute of Standards and Technology (NIST), the Department of Energy, and the
Department of Defense.

Third, EPA could create an infrastructure that would enable its scientists
to serve as a clearinghouse for new technologies, particularly technologies
whose effects could cross traditional disciplinary boundaries. The goal of such
an infrastructure would be to foster diffusion and adaptation of new technolo-
gies, often the slowest step in the innovation process. Steps taken to enhance
diffusion could accelerate innovation.

Fourth, technologic innovation relies on willingness (laws and market
pressures), capacity, and opportunities for change (Ashford 2000). Capacity
becomes a large barrier to innovation adoption, particularly for small and me-
dium-size firms that may not have resources to implement or monitor change or
that have legitimate concerns about failed technology adoption. EPA has an im-
portant role in addressing capacity and opportunity through science and support
that provides information, technical assistance, networking of firms, demonstra-
tion activities, and economic incentives and disincentives (Ashford 2000). Many
capacity-support mechanisms work most effectively at a state level. Since the
passage of the Pollution Prevention Act of 1990, EPA has worked closely with
providers of the NIST Manufacturing Extension Partnership and state pollution-
prevention technical assistance providers to support innovative adoption of the
act. Such models as the Massachusetts Toxics Use Reduction Program provide
examples of how an agency like EPA can leverage resources to support innova-
tion. The focus of the program is not on identifying “acceptable” exposure levels
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but rather options for reducing toxic-substance use in the first place, with sci-
ence as a driver of innovation.

Literature that discusses and analyzes incentive prize competitions contin-
ues to emerge (Kalil 2006; Stine 2009). The federal government is relatively
new to this arena and most agencies are still figuring out how to use prizes to
fulfill their missions. As EPA is already discovering, using incentives can be a
successful way to drive innovation for mission-related topics.

Leveraging Environmental Protection Agency Actions to Promote
Private-Sector Innovation

Both intentional and unintentional actions by EPA can affect the willing-
ness of the private sector to invest in research and development. There have not
been formal analyses of the extent of such private investment, but it probably
dwarfs the investment made by EPA itself. EPA has the potential to expand the
investment in new and innovative science and engineering dramatically if it pro-
vides signals that are clear, selects instruments and polices that achieve a spe-
cific set of outcomes or performances, and allows the regulated community to
benefit from innovations (Jaffe et al. 2002, 2005; Popp et al. 2010).

Throughout EPA’s history, its actions have resulted in substantial invest-
ment in new science and engineering by the private sector, at times with benefi-
cial results. Those actions have taken at least three forms:

e Regulations. EPA regulations specify results that need to be achieved
and dates by which they need to be achieved. Regulations have, at times, re-
sulted in substantial innovation that might not have been achieved without such
clear signals. An example is vehicle carbon monoxide emission standards, which
have resulted in substantial investment in developing and continually enhancing
the three-way catalyst and dramatically decreasing ambient carbon monoxide
despite large increases in travel (NRC 2003).

o Testing Protocols and Risk Assessment. In its pursuit of risk estimates
for a wide array of substances, EPA can strongly influence research and devel-
opment investment by the private sector. For example, recent efforts by EPA to
enhance its investment in computational toxicology and high-throughput screen-
ing have resulted in substantial private investment as well.

e Public Information. In requiring the public release of information on
emissions and discharges, EPA can set strong incentives for private investment
in both major process redesign and product substitution to shift to more sustain-
able production inputs. One cogent example is the Toxics Release Inventory,
which collects data on the disposal and release of over 650 toxic chemicals that
are submitted by over 20,000 regulated facilities each year; EPA makes the in-
formation available through a publicly accessible Web site. It is an example of
consumer-driven change that has led to important reductions in some chemical
emissions after its initial public release.
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However, the process by which EPA provides incentives for private-sector
investment and innovation is not without its challenges. Among them are

e Overly Prescriptive Rules. Regulations that use a true performance
standard for emissions and discharges can encourage innovation; rules that, in
essence, base emission standards on the best current technology (without regular
updating) can take away all private incentives for further investment in research
and development. For example, the “categorical pretreatment standards” for
industrial wastewater discharges locked into place standards based on technolo-
gies that were available at the time of promulgation, whereas the “best available
control technology” requirements of the Clean Air Act are a “rolling” standard,
expressed as performance-based emissions limits that can advance as technology
improves. Economic research on innovation and environmental regulation finds
that flexible policy instruments that provide rewards for continual environmental
improvement and cost reduction tend to promote innovation whereas policies
that mandate a specific behavior can deter innovation (Popp et al. 2010).

e Defensive Rule-Making. In the current climate in which nearly every
action taken by EPA is challenged, the rules that are issued may be written in a
conservative fashion that hews tightly to narrow interpretations of the statutes or
to past practice and thus may be less likely to encourage innovation once im-
plemented.

e Reliance Solely on Existing Testing Protocols. To meet toxicity-testing
requirements, EPA often specifies testing protocols in detail, generally on the
basis of the state of the art. That practice reduces the incentive to innovate in
testing and assessment because of the difficulty of getting new approaches and
results accepted.

There are several examples where EPA has been successful in leveraging
private sector research. One example is in the Technology and Economic As-
sessment panels of the Montreal Protocol and the various research and develop-
ment consortiums designed to find substitute chemicals and technologies for
ozone depleting substances (EPA 2007, 2010a). Another example is the Green
Lights program for energy efficient light bulbs, the Energy Star program for
energy efficient appliances, and the Golden Carrot program for energy efficient
refrigerators (EPA 1992; Feist et al. 1994; EPA 2011d; Energy Star 2012). If
those examples could be replicated in other situations, EPA would be able to
mobilize more industry research and development and implementation to protect
the environment.

Finding: EPA has recognized that innovation in environmental science, tech-
nology, and regulatory strategies will be essential if it is to continue to perform
its mission in a robust and cost-effective manner. However, to date, the agency's
approach has been modest in scale and insufficiently systematic.
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Recommendation: The committee recommends that EPA develop a more
systematic strategy to support innovation in science, technology, and prac-
tice.

In accomplishing the recommendation above, the agency would be well-
advised to work on identifying more clearly the “signals” that it is or is not send-
ing and to refine them as needed. Clearly identifying signals could be accom-
plished by seeking to identify the key desired outcomes of EPA’s regulatory
programs and communicate the desired outcomes clearly to the private and pub-
lic sector. The committee has identified several ways in which EPA could ad-
dress this recommendation:

o Establish and periodically update an agency-wide innovation strategy
that outlines key desired outcomes, processes for supporting innovation, and
opportunities for collaboration. Such a strategy would identify incentives, disin-
centives, and opportunities in program offices to advance innovation. It would
highlight collaborative needs, education, and training for staff to support innova-
tion.

e Identify and implement cross-agency efforts to integrate innovative ac-
tivities in different parts of the agency to achieve more substantial long-term
innovation. One immediate example of such integration that is only beginning to
occur is bringing the work on green chemistry from the Design for the Environ-
ment program together with the innovative work on high-throughput screening
from the ToxCast program to improve application of innovative toxicity-testing
tools to the design of green chemicals.

o Explicitly examine the effects of new regulatory and nonregulatory
programs on innovation while ascertaining environmental and economic effects.
Such an “innovation impact assessment” could, in part, inform the economic
evaluation as a structure that encourages technologic innovation that may lead to
long-term cost reductions. The assessment could also function as a stand-alone
activity to evaluate how regulations could encourage or discourage innovation in
a number of activities and sectors. It could help to identify what research and
technical support and incentives are necessary to encourage innovation that re-
duces environmental and health effects while stimulating economic benefits.

Science That Takes the Long View

As the committee has emphasized, the nature and scope of environmental
challenges are changing rapidly, as are the scientific and technologic tools and
concepts for dealing with them. For instance, the importance of nanoparticles
was not evident 2 decades ago. The problems that EPA will face 1 or 2 decades
from now are certain to include some challenges that we cannot imagine today.
But environmental-protection science in EPA has, for the most part, focused on
effects over shorter periods, in single media, or over small spatial scales. That is
understandable given regulatory demands for science. However, if EPA is to
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better understand long-term implications of human effects on ecosystems and
health, it will need to develop scientific processes that take the long view—that
is, processes that can assess changes, even minor ones, over the long term. To
detect trends in environmental and human health conditions and to know
whether they fall within the range of recent natural variation, long-term data on
the basic functioning of environmental systems and human well-being are
needed. For example, the scientific community is aware of recent changes in
weather patterns, especially increases in extreme events, only because long-term
weather records are available.

Indicators

A concise set of environmental indicators can provide information about
the status of and trends in key components of natural and human systems and
provide evidence of changes that should be monitored. A modest number of
environmental indicators of fundamental ecologic processes and attributes are in
use (Orians and Policansky 2009; see Box 4-1 for a list of principles to guide the
development of indicators). In 2002, a committee of EPA’s SAB developed a
framework for assessing ecologic conditions (EPA SAB 2002) that is similar to
frameworks developed by the H. John Heinz Center (Heinz Center 2002, 2008)
and a National Research Council (NRC) committee (NRC 2000). The frame-
work organizes a large number of potential indicators into six categories that
represent the key attributes of an ecologic system as a whole. Each attribute can
be represented by an individual indicator or by an index created by combining
indicators. The six categories can also be used as a checklist for designing envi-
ronmental management and assessment programs and as a guide for aggregating
and organizing information. In its 2008 Report on the Environment, EPA ana-
lyzed 85 indicators related to environmental and human health that focused on
air, water, land, human exposure and health, and ecologic conditions (EPA
2008). However, it has not been clear that the agency is committed to or has a
plan to sustain this effort over the longer term. Furthermore, the NRC Commit-
tee on Incorporating Sustainability in the US Environmental Protection Agency
(NRC 2011a) found that most indicators chosen by EPA are inadequate for ex-
ploring the relationship between economic conditions and ecosystem pressure
and did not measure such important elements as environmental justice. The
committee called for the development of additional sustainability indicators that
could include social and economic conditions and, given the challenges of pre-
dicting long-term data, stated that any uncertainties in the understanding of indi-
cators should be clearly communicated.

According to some analyses, it is important that EPA continue to develop
and adapt a few indicators that are capable of detecting long-term changes in
environmental conditions and human well-being above the inevitable noise of
variability (GAO 2004). Such indicators should be designed to provide informa-
tion on basic processes that are most likely to be useful in dealing with both cur-
rent and future challenges, many of which are unknown today. Indicators whose
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utility can be evaluated retrospectively would add value in constructing long-
term datasets, but EPA should not restrict development of indicators to those
with historical data. Many agencies will probably be able to use indicator data,
so collaboration among federal agencies, including EPA, would support the col-
lection of data and operationalization of the system of indicators in a more cost-
effective manner.

The committee endorses the principles in Box 4-1 to guide the develop-
ment and use of indicators by EPA and other government agencies that can in-
form long-term trends. Some of these principles are already used by EPA.

BOX 4-1 Principles to Guide the Development of Indicators

e Do not ask an indicator to do too much. Indicators inform us of trends
in some entity of interest, but they should not be designed to diagnose the
processes that underlie trends.

e Do not design indicators to give grades. Indicators should report objec-
tive, scientific information, describe trends, and provide the scientific rationale
for interpreting them; value judgments should be kept separate from the sci-
entific and objective aspects of indicators.

e Do not let indicator development be driven by availability of data.
Aware of this trap, the Heinz Center (2002) focused on identifying the envi-
ronmental processes and products that society most needed to know about
by including many empty graphs and explanatory text that directed attention
to the processes where ignorance most mattered and where increased re-
search and funding would yield social benefits.

e Propose and use only a few indicators. Thousands of environmental
indicators have been proposed or are in use. However, an indicator is likely to
have the influence it deserves only if it competes for attention with a small
number of others.

o Embed indicators in a rigorous archival system. Any dataset will be of
little value in the absence of a well-crafted system that monitors data quality,
document sampling, and analytic methods; archives data in a secure and
recoverable form; and analyzes and reports data in formats that are useful to
decision-makers and managers.

e Try to avoid shifting baselines. Because many ecosystems and habi-
tats are poorly understood, and because large fluctuations characterize most
natural environments, choosing appropriate baselines is challenging. For
some purposes, a shifting baseline is appropriate, but gradual environmental
deterioration is likely to be undetected if a shifting baseline is used, because
the altered, often degraded, condition becomes accepted as “normal” (Pauly
1995).

e Base indicators on well-established scientific principles and concepts.
It is difficult or impossible to interpret the indicator data in the absence of a
sound conceptual model of the system to which it is applied.

(Continued)
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BOX 4-1 Continued

e Develop indicators that are robust and reliable. A robust indicator is
relatively insensitive to expected sources of disturbance and yields reliable
and useful numbers in the face of inevitable external perturbations. A robust
indicator is based on measurements that can be continued in compatible form
when measurement technologies change.

e Understand each indicator’s statistical properties so that changes in its
values will have clear and unambiguous meanings. The indicator should be
sensitive enough to detect real and important changes but not so sensitive
that its signals are masked by natural variability.

o Clarify the spatial and temporal scales over which each indicator is
relevant. If indicator data is to be aggregated to yield measures on larger spa-
tial scales, consistency in how the data are gathered in different places is
vital.

o [dentify the skills needed at all stages of indicator development and
use. Acceptance of the indicator requires that potential users have confidence
in the skills and integrity of the people that gather, store, and report the data.

e Separate the entities that compute and report status and trends in in-
dicators from management and enforcement agencies. Confidence in the
numbers being reported requires the belief that the numbers do not depend
on who gathers and reports them. Actual or perceived conflicts of interest are
likely to arise if the gatherers and interpreters of data also establish and en-
force regulations based on trends in the data.

More detail on the reasoning behind the principles above can be found in
NRC (2000) and Orians and Policansky (2009).

Long-Term Data Collection

Once indicators have been established, there is a need to measure them
over time. To meet its mission, EPA needs an understanding of long-term
changes in the environment and trends in rates at which pollutants enter the en-
vironment. In the absence of trend and duration data, it is often hard to know
whether any specific pollutant load—particularly the load of a nontoxic pollut-
ant, such as nitrogen—is of concern. Long-term monitoring is essential for
tracking changes in ecosystems and populations to identify, at the earliest stage,
emerging changes and challenges. Without long-term data, it is difficult to know
whether current variations fall within the normal range of variation or are truly
unprecedented. It is also essential for knowing whether EPA’s management in-
terventions are having their intended effect. Monitoring is a fundamental com-
ponent of hypothesis-testing. All management interventions are based on ex-
plicit or implicit hypotheses that justify them and explain why they should yield
the desired results. The hypothesis may focus on physical and biologic processes
or on expected human behavioral responses. If the hypothesis is made explicit
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and monitoring is designed specifically to test it, both the value of the monitor-
ing and the details of its design will be clarified and the importance of the moni-
toring will be evident.

In addition, knowing the pattern of chronic or sporadic exposure of hu-
mans and ecosystems to pollutants is essential for understanding their effects.
But such an understanding is possible only with the availability of long-term
reliable data on pollution loads. Collecting high-quality long-term environ-
mental data on pollutant exposure and ecosystem structure and function is not
easy. It might take a decade or more to understand the implications of the trends
and the meaning of periodic events. On a practical level, long-term monitoring
seldom has general public or political supporters advocating for it, and it is an
easy target of budget cutting because it is slow to yield insights.

With the exception of some air and water monitoring programs, there are
few long-term monitoring programs, let alone programs that are systematic and
rigorous. The paucity of data has made it difficult or impossible to identify key
trends related to problems and improvements in environmental quality. That
lack of high-quality long-term data is largely the product of four factors:

e Environmental variability across the United States means that what is
most useful to monitor differs widely from one place to another.

e [t is easy to collect data but much more difficult to collect consistent
data, particularly over decades. For example, what is collected may change in
response to immediate regulatory needs, thereby reducing its value.

e Opver long periods, it is difficult to maintain high-quality data collec-
tion systems with solid quality assurance and quality control, well thought-out
collection sites, and appropriate collection frequency.

e Monitoring is expensive and often does not produce high-impact in-
formation in the short to medium term.

Long-term environmental datasets that have been collected effectively il-
lustrate both the challenges and the rewards of long-term monitoring programs
and the importance of collaborations among agencies and organizations. The
datasets include those on acid rain, on the Great Lakes ecosystem, and on US
Geologic Survey stream-gauging and water-sampling. A key challenge for
EPA’s science programs is to determine what environmental characteristics to
monitor. The answer is tied to indicators, asking the right questions, and ensur-
ing that long-term funding is available to provide the data necessary to support
science-based regulatory decisions.

New technologies enable some environmental characteristics to be meas-
ured over time across a large spatial domain, for example, satellite imaging and
other remote-sensing technologies (as discussed in Chapter 3). The combination
of environmental-monitoring data and medical-history information from elec-
tronic medical-records data could help to track environmental exposures of hu-
man populations and evaluate health effects and dose-response relationships
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between environmental stressors and health outcomes. The benefits of collabora-
tion, discussed in several places in this report, apply to monitoring.

Finding: It is difficult to understand the overall state of the environment unless
one knows what it has been in the past and how it is changing over time. Typi-
cally this can only be achieved by examining high-quality time series of key
indicators of environmental quality and performance. Currently at EPA, there
are few long-term monitoring programs, let alone programs that are systematic
and rigorous.

Recommendation: The committee recommends that EPA invest substantial
effort to generate broader, deeper, and sustained support for long-term
monitoring of key indicators of environmental quality and performance.

Science That Is Collaborative

EPA is a world leader in producing and using science for informed envi-
ronmental protection, but many other public and private parties in the United
States and around the world are also making important contributions in envi-
ronmental sciences and engineering. Many other parties are working outside the
conventional environmental science and engineering space but may have tech-
nologies, methods, or data streams that could prove valuable for environmental
protection. EPA needs to enhance its ability to draw on those other resources,
collaborate with others, and offer leadership, especially in issues that are critical
for informing its present missions and for providing the understanding that it
will need to address future environmental problems.

Collaborating Among Agencies

Over the years, many investigators in the United States and around the
world have looked to EPA to provide leadership in identifying important and
emerging problems in environmental science and technology. Individual contact
by EPA scientists can help to influence and steer the work of others, but more
formal strategies are also needed to influence and direct the focus of research
conducted outside EPA. The STAR grants and other extramural support have
helped to do that in the context of US universities, but these extramural awards
are smaller than those for most research activities relevant to EPA’s mission. In
some circumstances, EPA may want to consider enhancing its efforts to proac-
tively identify opportunities to collaborate with other federal agencies and na-
tional laboratories when practical. In other circumstances, EPA may want to
place more focus on clearly articulating the importance of specific research top-
ics to support EPA needs and improve environmental protection more generally.

There has for some time been an established mechanism for coordinating
science among agencies of the federal government. It is accomplished through
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interagency committees of the Office of Science and Technology Policy, such as
the Committee on Environment, Natural Resources, and Sustainability (OSTP
2012). In that setting, agencies that are engaged in science that is relevant to
EPA’s needs come together to exchange information, identify priorities, and
plan joint efforts to address key science needs. But the mechanism falls short of
what is needed to organize and conduct sustained and successful collaborative
efforts, especially in the face of increasing budget constraints and emerging en-
vironmental and public health challenges. Furthermore, agencies operate under
different, sometimes conflicting statutes, and have varied standards of evidence
and scientific needs, which can lead to additional barriers to collaboration. EPA
participates in a number of collaborative research efforts with other agencies,
such as children’s health initiatives with the National Institute of Environmental
Health Sciences and the National Nanotechnology Initiative, but future envi-
ronmental challenges will require much more aggressive efforts to establish and
support collaboration. Productive external collaboration should involve a set of
proactive steps that include clear mandates from it and other agency leaders and
a willingness to understand the regulatory frameworks, strengths, and resource
limitations that other agencies face.

Sharing Experiences with Others

EPA maintains world-class laboratories that can serve as a vehicle to in-
duce leading scientists from outside the agency to collaborate with scientists in
EPA. EPA also can gain valuable experience and knowledge if its scientists
have the ability to work in the research programs and specialized laboratories of
other leading research organizations. Such collaborations in either direction can
be facilitated through individual arrangements, but it is also important for the
agency to continue to support and encourage fellowships that allow outsiders to
work with it, university adjunct appointments that allow agency scientists to
maintain substantive associations with leading research universities, and a vari-
ety of similar programs. That is especially important in addressing problems in
which the agency does not have all of the relevant expertise. It will also be im-
portant to establish formal mechanisms by which the insights from these col-
laborations can be shared and infused throughout the agency.

Supporting International Collaboration

As globalization intensifies, domestic action alone will not be enough to
address environmental concerns fully, and how other countries protect their en-
vironment has an important effect not only domestically but around the world.
For example, air pollution, persistent organic pollutants, and mitigating climate
change are major challenges that the entire global community faces in the 21st
century. They are long-range, transboundary issues; no single nation can solve
the problems, and no nation can escape the consequences. Nations have come to
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recognize that they can protect their own national interests only when the com-
munity of nations is able to protect the commons through sustained international
collaboration. EPA has identified a variety of objectives for international col-
laboration, including building strong science institutions, improving access to
clean water, and improving urban air quality. The agency works to achieve those
objectives by establishing collaborations and partnership with other nations and
international organizations. EPA provides resources, tools, and technologies to
support international initiatives. Its involvement in international collaboration is
not simply one of supporting developing nations but learning from both devel-
oped and developing nations about the most innovative technologies and ap-
proaches for environmental protection.

For example, EPA is a leading partner in the Partnership for Clean Indoor
Air, to which almost 600 partner organizations from over 120 countries are con-
tributing their expertise and resources to reduce exposure to combustion prod-
ucts of fuels used in household cooking and heating (The Partnership for Clean
Indoor Air 2012). Indoor smoke from solid fuels poses one of the top 10 health
risks globally, contributes an estimated 3.3% of the global disease burden
(WHO 2009), and is a source of effects on global climate through emissions of
black carbon (Bond et al. 2004; Venkataraman et al. 2005). Since 2002, the
partnership has made profound and broad progress in providing clean, efficient,
affordable, and safe cooking technologies through commercial markets; reduc-
ing indoor air pollution by adopting improved cooking technologies, fuels, and
practices; and monitoring and evaluating the health, economic, and environ-
mental effects of the new energy technologies. The Partnership for Clean Indoor
Air has also led to better understanding of indoor air pollution due to smoke
from burning solid fuels. The mitigation strategies from the partnership have
clearly shown both health and environmental benefits (Smith et al. 2009; Wil-
kinson et al. 2009).

EPA maintains a leadership role in developing science and technology and
in translating scientific results to practice and daily life. Maintaining that leader-
ship role can be accomplished by setting priorities for international collaboration
with an emphasis on long-range concerns and long-term partnership; establish-
ing multitier collaborations and partnerships with not only foreign governments
but industries, academic institutions, and nongovernment organizations in other
countries; and maintaining strong leadership in the dissemination of information,
the provision of technical expertise, the implementation of policy, and the ability
to receive such information globally and to integrate it into practice. As existing
challenges persist and new ones emerge, opportunities and challenges for inter-
national collaboration will also evolve for EPA. International collaboration is no
longer an option; it is a necessity for global solutions to global concerns. Inter-
national collaboration should be viewed not as a public service or an aid to de-
veloping countries but as a crucial mechanism for improving the domestic envi-
ronment and to gain critical research and implementation skills. It is about
maximizing global resources to protect the environment globally and domesti-
cally at the same time.
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Identifying New Ways to Collaborate

Collaboration within EPA, between agencies or other domestic institu-
tions, and between countries will be increasingly important for addressing the
complex problems of the 21st century, but it can be challenging to implement.
Incentive structures need to be appropriately aligned, and there need to be
mechanisms to facilitate collaboration among individuals or institutions that
have different disciplinary backgrounds, are geographically distributed, and
have different goals and objectives. Some collaboration will occur within single
disciplines, the primary objective being to share knowledge and best practices.
Others will seek to exchange knowledge across multiple disciplines, and this
may require substantial sustained work.

Regardless of the goal, one way to achieve collaboration is to create “sci-
entific exchange zones” for promoting interaction between disciplines, between
scientists and nonscientists, and between strategic research programs (Gorman
2010). Creating such scientific exchange zones involves

e Allowing learning of the languages of multiple disciplines (for exam-
ple, social science, physical science, water science, risk science, and decision
science), which can be done via fellowships, internships, or short-term deploy-
ment from one program to another.

e Defining common science questions and establishing common descrip-
tors.

e Creating new and common research methods.

e Identifying those who have top interactional expertise and training the
next generation in interactional expertise.

e Developing and supporting experiential interactive projects.

Advances in information technologies (such as those discussed in Chapter
3 and Appendix D) are increasing opportunities for scientific exchange zones.
Physicist Michael Nielson identified two ways in which online tools can ad-
vance science—by expanding the array of scientific knowledge that can be
shared throughout the world and by changing the processes and scale of creative
collaboration (Nielsen 2012). Nielson argues for extreme openness in which “as
much information as possible is moved out of people’s heads and labs, onto the
network” where it can be effectively used.

The scientific community has been generally slow to embrace that type of
sharing of knowledge, in part because of longstanding views about the need to
maintain proprietary methods and databases to enhance the reputation of experts
within focused content areas, a key criterion for promotion and tenure. However,
federally funded projects increasingly require mechanisms for sharing of meth-
ods and databases, and universities and other institutions are developing struc-
tures to reward collaborative research. EPA science would benefit from adopting
best practices of institutions that are trying to reward collaborative and open-
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exchange research. There is a growing number of examples of fostering innova-
tion through open communication and collaboration. For example, the Web site
InnoCentive is an “open innovation and crowdsourcing pioneer that enables
organizations to solve their key problems by connecting them to diverse sources
of innovation including employees, customers, [and] partners” (InnoCentive
2012). It uses a “challenge-driven innovation” method that supports innovation
programs. Another example of a collaborative-network approach is the National
Center for Ecological Analysis and Synthesis, which supports research across
disciplines, uses existing data to address ecologic challenges and challenges in
allied fields, and encourages the use of science to support management and pol-
icy decisions.

Collaboration can also take the form of interaction with members of the
general public (which may include people who have scientific expertise). As
discussed in Chapter 3, massive online collaboration, also known as crowd-
sourcing, involves issuing an open call that allows an undefined large group of
people or community (crowd) to address a problem or issue that is traditionally
addressed by specific individuals. With a well-designed process, crowdsourcing
can help to assemble quickly the data, expertise, and resources required to per-
form a task or solve a problem by allowing people and organizations to collabo-
rate freely and openly across disciplinary and geographic boundaries.

The idea behind regulatory crowdsourcing is that almost every kind of
regulation today, from air and water quality to food safety and financial services,
could benefit from having a larger crowd of informed people helping to gather,
classify, and analyze shared pools of publicly accessible data—data that can be
used to educate the public, enhance science, inform public policy-making, or
even spur regulatory enforcement actions. Today, a growing number of regula-
tory agencies (including EPA, the US Securities and Exchange Commission, and
the US Food and Drug Administration) see social media and online collabora-
tion as a means of providing richer, more useful, and more interactive pathways
for participation. EPA is no stranger to crowdsourcing. Indeed, for the 2009
Toxic Release Inventory, EPA released preliminary data to the public to utilize
crowdsourcing as a means for improving and refining the data. The public right-
to-know dimension of TRI provided an early example of using informational
approaches to encourage environmental change, and also spurred the develop-
ment of sites like MapEcos.org and Scorecard.org, which provide visual Web-
based interfaces that enable citizens to see toxic emissions data and more in one
place.

There are several opportunities for crowdsourcing or citizen science (the
involvement of the general public in monitoring or other forms of data collec-
tion) to augment or enhance EPA scientific and regulatory capabilities, includ-
ing crowdsourced data collection, urban sensing, and environmental problem-
solving. In some domains, EPA would be poised to launch efforts in the near
term on the basis of its experiences and existing infrastructure. In others, there
would need to be investment in key technologies or resources to make the ef-
forts practical and informative.
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Finding: Research on environmental issues is not confined to EPA. In the
United States, it is spread across a number of federal agencies, national laborato-
ries, and universities and other public-sector and private-sector facilities. There
are also strong programs of environmental research in the public and private
sectors in many other nations.

Recommendation: The committee recommends that EPA improve its ability
to track systematically, to influence, and in some cases to engage in collabo-
ration with research being done by others in the United States and interna-
tionally.

The committee suggests the following mechanisms for approaching the
recommendation above:

o Identify knowledge that can inform and support the agency's current
regulatory agenda.

o Institute strategies to connect that knowledge to those in the agency
who most need it to carry out the agency’s mission.

e Inform other federal and nonfederal research programs about the sci-
ence base that the agency currently needs or believes that it will need to execute
its mission.

e Seek early identification of new and emerging environmental problems
with which the agency may have to deal.

Crosscutting Example of an Opportunity to
Stay at the Leading Edge of Science

As EPA strives to conduct science that anticipates, innovates, takes the
long view, and is collaborative, it will be useful for the agency to draw on recent
examples to understand in practical terms how it might apply these approaches
effectively and in an integrated fashion. The committee describes one such ex-
ample above in the discussion of the emergence of nanotechnologies and how
EPA can better anticipate new technologies. Another broader example, which
cuts across all aspects of improving EPA science, is the issue of hydraulic frac-
turing of shale for natural gas (or hydrofracking). See Box 4-2.

ENHANCED TOOLS AND SKILLS FOR APPLYING
SYSTEMS THINKING TO INFORM DECISIONS

Leading-edge science will produce large amounts of new information
about the state of human health and ecologic systems and the likely effects of
introducing a variety of pollutants or other perturbations into the systems. In
particular, many multifactorial problems require systems thinking that can be
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readily integrated into other analytic approaches (which use risk-assessment
concepts for components of the analysis but incorporate other information).
Over the years, the agency has become more accomplished in addressing cross-
media problems and avoiding “solutions” that transfer a problem from one me-
dium to another, for example, changing an air pollutant to a water or solid-waste
pollutant. However, future problems will go beyond cross-media situations and
will need to consider global climate and local air quality, land-use patterns and
environmental degradation, and implications for industry, the public, and the
environment.

BOX 4-2 Putting It All Together: The Case of Hydraulic Fracturing

The set of technologies involved in hydrofracking have implications for
many of EPA’s programs. The development and operation of hydrofracking
facilities can affect surface and ground water, soil, air quality, and greenhouse
gas emissions. More broadly, the availability of growing quantities of eco-
nomically-competitive natural gas can influence industry choices in response
to EPA air quality regulations and other rule makings (for example, utility de-
cisions to replace coal-fired electric generating facilities with combined-cycle
natural gas in response to EPA emissions rules). Natural gas availability may
also have important impacts on other segments of the economy (for example,
transportation would be impacted with the development of natural gas infra-
structure).

Over the last several years, EPA has become increasingly involved in in-
vestigating hydrofracking, both on its own and in concert with a number of
federal agencies. It has responded to local issues raised by the activity (often
through regional offices), and it has considered and implemented new regula-
tions on the activity (such as, the recent air quality regulations requiring
“green completions” for facilities) (Weinhold 2012). However, getting “ahead”
of the activities and implementing studies and other actions has been increas-
ingly controversial. For example, in response to FY2010 appropriations lan-
guage, the agency launched a study of the potential impacts of hydrofracking
on groundwater (EPA 2011e), which has been very closely monitored and
criticized by industry (Batelle 2012).

The case of hydrofracking gives EPA an opportunity to consider how its
science can anticipate, innovate, take the long view, and collaborate, and how
it can better embrace systems thinking. It also gives the agency an opportu-
nity to examine how it did or did not apply the concepts presented in the sec-
tion “Staying at the Leading Edge of Science” and what it might do differently
in the future. Such an examination could try to address the questions posed
below, among others.

Anticipate: Hydrofracking emerged in the first decade of this century as a
rapidly growing means of natural gas (and some oil) production, first in the
western United States and in Texas, and then, beginning in 2007, in the

(Continued)
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BOX 4-2 Continued

northeast. Its production has grown from a few wells in the beginning to thou-
sands of wells over the last 5 to 10 years. How well did the agency “see” this
rapid development coming? Did it hear from its “ears to the ground” in the
regional offices and recognize the issue needed an agency-wide approach?
How quickly did it grasp both water and air implications? How quickly did it
understand the potential need to revisit both its research and regulatory activi-
ties?

Innovate: Innovation can be important in something like hydrofracking in
a number of ways. For example, assessing complex hydrogeologic systems
to understand potential groundwater contamination requires a set of ad-
vanced technical skills and familiarity with the latest technologies. At the
same time, understanding the potential biologic and ecologic effects of the
large number of chemicals being used in hydrofracking requires relatively
rapid action, necessitating a decision on the applicability and utility of tools
(potentially including life-cycle assessment, health impact assessment, and
high-throughput screening) and techniques to evaluate chemical mixtures.
How has EPA met these and other needs for innovation in this case? In addi-
tion to their own actions, how well have they brought on board the skills and
experience of other agencies and the private sector?

Take the long view: While there has been a primary focus on potential
shorter-term effects of hydrofracking, it is likely, as with many cases of poten-
tial groundwater contamination, that the full potential for contamination can
only be determined with a commitment to long-term monitoring around the
facilities. EPA has been part of a government-wide effort to coordinate hy-
drofracking activities (for example, working with the US Geological Survey on
long term ground water monitoring). But to what extent is the agency looking
at any of its relevant permitting and other authorities and considering how to
build long-term monitoring and disclosure into all actions? Such an activity
would help to build an essential long-term database.

Is collaborative: There has rarely been an issue that touches on so
many public agencies at the federal, state, and local level. The US Centers
for Disease Control, National Institutes of Health, US Geological Survey, De-
partment of Energy, state and local environment and health agencies, and
many others (including the private sector) are engaged in a wide range of
testing, research, and other activities necessary to assess potential risk. How
well has the agency applied the principles and ideas described above to en-
hance its collaboration on an issue like hydrofracking? What could it do to
improve that collaboration?

Beyond these four important attributes of leading edge science, hy-
drofracking also raises a number of broader challenges related to systems
thinking that are illustrative of the need for EPA to better embrace such think-
ing in all it does. For example, to what extent should EPA be stepping back
from the near-term water-quality and air-quality issues to ask more fundamen-
tal systems questions such as: What are the life-cycle implications of natural

(Continued)
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gas for greenhouse gas emissions (such as methane emissions) and how do
they compare on a life-cycle basis with other alternatives? From a sustainabil-
ity point of view, are there ways in which consumers could be encouraged to
decrease their consumption of energy that comes from natural gas rather
than simply increasing the production of natural gas? Questions such as
these are of course beyond the sole domain of EPA, but systems thinking can
help inform EPA’s scientific research and ultimately its regulatory choices as
well.

This case example is not designed to be prescriptive or to suggest that
the agency has not been pursuing many of the questions. Rather, a system-
atic look at the experience with hydrofracking can lend guidance on many
fronts for enhancing EPA science’s ability to stay at the leading edge and
embrace systems thinking in a variety of important fields.

Many analytic tools and skills can contribute to analyzing and evaluating
such complex scenarios. The committee describes below four areas in which the
agency’s tools and skills can be enhanced and integrated to support systems
thinking better:

e Life-cycle assessment (LCA).

e Cumulative risk assessment.

e Social, economic, behavioral, and decision sciences.

e Synthesis research.

These tools can be used in conjunction with one another and as inputs to meth-
ods for synthesis and evaluation for decisions. In each situation, it is important
to integrate efforts to characterize both human health and ecosystem effects.

Life-Cycle Assessment

LCA is “a technique to assess the environmental aspects and potential im-
pacts associated with a product, process, or service, by: compiling an inventory
of relevant energy and material inputs and environmental releases; evaluating
the potential environmental impacts associated with identified inputs and re-
leases; [and] interpreting the results to help [decision-makers] make a more in-
formed decision” (EPA 2006a, p.2). Performing such analysis requires an ac-
counting of where all materials used in an activity originate and end up. It also
requires an accounting of all the inputs into the activity (such as energy and
transportation) and their associated environmental consequences and of the
changes in other behaviors and other activities that the primary activity induces.
Box 4-3 discusses an example of the need for and challenges of LCA.

The idea of LCA is appealing, but the technical details of how to do it well
are very challenging. Broadly, two approaches are traditionally used. Process-
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based LCA is a bottom-up approach that involves itemization of each step in
producing a product and consideration of everything from extraction through
production and disposal. Although informative and readily interpretable, it sys-
tematically underestimates environmental effects by missing key secondary and
“ripple” effects (Majeau-Bettez et al. 2011). Data are often inadequate, and
strategies to figure out the best way of drawing system boundaries need atten-
tion. In addition, although the life-cycle inventory can be constructed in many
situations, determining the health or ecologic effects can be challenging given
the array of pollutants, the broad scope, and the resulting lack of site specificity
of emissions or effects. Researchers have developed approaches to integrating
health risk-assessment concepts into process-based LCA, taking account of such
factors as pollutant partition coefficients, stack height, and population density to
refine the characterization of effects (Humbert et al. 2011), but more work
clearly is needed. The second approach involves conducting input—output LCA,
in which large matrices of transfers between economic sectors are constructed.
That allows consideration of the full ripple effects of actions that are influencing
a specific sector (Majeau-Bettez et al. 2011) but with even greater challenges in
linking outputs of economic-sector activity with defined health and environ-
mental effects.

EPA has some internal capacity in LCA, has been required to conduct
LCA of fuels in the Energy Independence and Security Act of 2007, and has
developed tools such as the Tool for Reduction and Assessment of Chemical and
Other Environmental Impacts (Bare 2011); but LCA has not been systematically
applied to the agency’s mission. LCA tools and inventories have been much
further developed and applied in other regions, such as Europe (Finnveden et al.
2009). Nonetheless, even without undertaking a formal quantitative LCA, com-
plex systems-level challenges require that the agency at least apply “life-cycle

BOX 4-3 The Need for and Challenges of
Life-Cycle Assessment: The Biofuels Case

The need for and challenges of LCA are seen in the case of biofuels.
Some analyses suggest that regulatory requirements regarding the use of
such fuels may not reduce carbon dioxide emissions and indeed might even
increase them (NRC 2010). Those analyses suggest that such mandates
could result in a loss of US crop lands available for food production because
of the use of the land to produce fuel. That, in turn, could result in pressures
to clear forest land in other parts of the world (which is an example of indirect
land-use effects) (Searchinger et al. 2008). In addition, the fertilizer to grow
such fuel crops in the midwestern United States may contribute to runoff that
exacerbates the anoxic zone in the Gulf of Mexico (Rabalais 2010). Thought-
ful analysis and interpretation of the results of LCA for biofuels are necessary
because some of its methods and assumptions remain controversial (Khosla
2008; Kline and Dale 2008).
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thinking” to characterize where a particular product, action, or decision may
shift effects somewhere in the life cycle of a product or activity and how those
effects can be minimized or prevented. For example, a simple chemical substitu-
tion may result in the use of a new product that may be safer for consumers but
may cause effects on workers far upstream in the production process. In addi-
tion, LCA is an inherently comparative tool because it considers the life-cycle
implications of multiple products or processes that achieve the same end use.
This so-called functional unit determination is intended to be broad and to en-
courage innovation in the development of solutions by focusing on what a con-
sumer needs from a product rather than on the product itself. Box 4-3 outlines
the opportunities that LCA or life-cycle thinking can provide to enhance systems
thinking about complex problems.

Cumulative Risk Assessment

The advent of new science tools and techniques means that the suite of
traditional tools need to be reviewed and enhanced for 21st century challenges
and opportunities. Quantitative risk assessment has been central to many aspects
of EPA’s mission for decades. The risk-based decision-making framework pro-
posed in Science and Decisions: Advancing Risk Assessment (NRC 2009) offers
an opportunity, and detailed recommendations, for the agency to revisit and re-
vamp its current practices. In particular, this would encourage linkages between
risk assessment and various solutions-oriented approaches. In addition, as dis-
cussed in Chapter 3, a host of rapidly evolving health and ecosystem assessment
tools (for example, “-omics” and the exposome) can be applied, with appropriate
deliberation, to enhance risk assessment further.

Beyond enhancements in traditional single-chemical risk assessment,
many of the trends in both science and risk-assessment practice in recent years
involve moving from a single-chemical perspective to a multistressor perspec-
tive. EPA has grappled with chemical mixtures for some time, and cumulative
risk assessment has come to the forefront of the agency’s thinking over the last
decade, although the agency has rarely used it. Multiple recent NRC committees
have addressed cumulative risk assessment extensively (NRC 2008, 2009), and
the present committee concurs with the prior recommendations. Moreover, the
committee supports the growing emphasis in EPA on this topic (which includes
both intramural and extramural research), noting that these efforts have increas-
ingly emphasized community-based participatory approaches, applications in
disadvantaged communities, and use of epidemiologic insight. Nonetheless, al-
though much of the emphasis of previous NRC reports has been on cumulative
risk assessment for human health effects, it is possible that insights and ap-
proaches from ecosystem-based cumulative impact analyses (required under the
National Environmental Policy Act [NEPA]) could be adapted to cumulative
risk assessment for human health effects.
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Cumulative risk assessment contains many subcategories of exposure,
health, and ecologic risk analyses, and it is important for EPA to examine its
research portfolio in this domain carefully to ensure that it is well aligned with
the ultimate decision contexts. With the increased use of LCA or life-cycle
thinking, identification of combinations of exposures associated with processes
or technologies would be increasingly common, and methods to characterize the
ecologic and human health implications of combined exposures would be valu-
able. There are potentially valuable applications of advanced biosciences for
evaluating various chemical mixtures rapidly, but they would not capture psy-
chosocial stressors and other prevalent community-scale factors that are of in-
creasing interest to the agency and various stakeholders (Nweke et al. 2011).
New epidemiologic methods or application of epidemiologic insights can start to
address those factors, but today they are limited in the number of stressors and
locations with adequate exposure data and sample size that they can accommo-
date. Advancing methods along both fronts, ideally in a coordinated and mutu-
ally reinforcing manner, would be the most fruitful approach.

As EPA concentrates increasingly on wicked problems and broad man-
dates related to sustainability, narrowly focused risk assessments that omit com-
plex interactions will be increasingly uninformative and unsupportive of effec-
tive preventive decisions. The broad challenge before the agency will involve
developing tools and approaches to characterize cumulative effects in complex
systems and harnessing insights from multistressor analyses without paralyzing
decisions because of analytic complexities or missing data.

Social, Economic, Behavioral, and Decision Sciences

Systems thinking involves acknowledgment, up front, that environmental
conditions are substantially determined by the individual and collective interac-
tions that humans have with environmental processes. As discussed in Chapter
2, the human drivers of environmental change include population growth, set-
tlement patterns, land uses, landscape patterns, the structure of the built envi-
ronment, consumption patterns, the mix and amounts of energy sources, the spa-
tial structure of production, and a host of other relevant variables. Social,
economic, behavioral, and decision sciences show that those drivers are not in-
dependent of the natural environments in which effects occur, and that there are
feedbacks, positive and negative, between human and environmental systems
(Diamond 2005; Ostrom 1990; Taylor 2009). Environmental science and engi-
neering also provide technologies for altering the relationships between humans
and the environment and tools for predicting environmental change in response
to changes in social and economic systems. That knowledge is all essential and
useful for informing environmental decisions and policies; however, additional
knowledge, skills, and expertise are needed. To make well-informed policies
and decisions that are sustainable, it is essential to integrate theories of, evidence
on, and tools for understanding how people respond to changes in the environ-
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ment, how people respond to interventions that are designed to alter human be-
havior to achieve desired social and environmental goals, and how specific poli-
cies can be implemented within the constraints of legal rights and strongly held,
diverse cultural values.

In recognition of that need, it is evident that contributions from the social,
economic, behavioral, and decision sciences are crucial for meeting legislative
and executive mandates and finding pathways to fulfill EPA’s mission sustaina-
bly (that is, cost-effectively and equitably and with the greatest prevention ef-
fects). Social, economic, behavioral, and decision scientists have the knowledge
and expertise to produce analyses that augment traditional health and ecosystem
studies to inform policy-makers and stakeholders of the potential economic and
social effects of policy decisions. Such analyses have the potential to elucidate
the selection of the best solutions not only for the environment but for society as
a whole. Spatially explicit assessments of the effects of policies on wages, em-
ployment opportunities, and environmental exposures are crucial for understand-
ing the distribution of the benefits and costs of policies and associated commu-
nity effects by income class, race, and other characteristics relevant to equity
and environmental justice (see, for example, Geoghegan and Gray 2005).

Social, economic, behavioral, and decision scientists can help decision-
makers to identify unintended environmental or social consequences of public
policies such as through the use of predictive economic modeling integrated
with environmental modeling. One example is the identification of adverse ef-
fects of economically induced land-use changes that resulted from ethanol and
renewable-energy policies on nutrient pollution and greenhouse gas emissions
(Searchinger et al. 2008; Hellerstein and Malcolm 2011; Secchi et. al. 2011).
The effectiveness of environmental policies can be improved if the heterogene-
ity of humans, the implications of land use, transportation, and other policies
affecting the environment, and general equilibrium feedbacks in economic sys-
tems are taken into account (Greenstone and Gayer 2007; Kuminoff et al. 2010;
Abbott and Klaiber 2011). Providing such information to decision-makers could
avoid unintended environmental or social outcomes of regulations and policies.
In addition, social, economic, behavioral, and decision scientists have the
knowledge and expertise to analyze consumer and business behavior to find less
expensive, more effective, and fairer ways to achieve environmental goals (both
in the context of existing legislation and in the context of fundamental policy
innovations). For example, research with agent-based simulation models (Roth
2002; Duffy 2006; Tesfatsion and Judd 2006; Zhang and Zhang 2007; Parker
and Filatova 2008) and laboratory and field experiments (Roth 2002; Suter et al.
2008) are sources of new economic insights for policy instrument design.

For EPA, social, economic, behavioral, and decision science skills can en-
hance several types of activities that support decisions, including regulatory im-
pact assessments mandated by Executive Order 12866 and others, estimates of
economic and social benefits and costs associated with alternative courses of
action, and valuation of health benefits and ecosystem services to inform bene-
fit—cost analysis. EPA has made some strides in improving its efforts in this re-
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gard, primarily in its application of economic analysis, but the committee notes
three important needs for improvement—the need to better integrate social, eco-
nomic, behavioral, and decision science in decisions; the need for a renewed
research effort to update and enhance health and ecosystem valuation and bene-
fits; and the need for substantially improved staff expertise in this field, espe-
cially in the social, behavioral, and decision sciences (see the discussion on this
topic in the section “Strengthening Science Capacity” in Chapter 5).

Integrating Social, Economic, Behavioral, and Decision Science Skills

Social, economic, behavioral, and decision sciences can serve many func-
tions that are crucial for meeting legislative and executive mandates and for
finding pathways to realize EPA’s mission cost-effectively and equitably. But
even if the gaps are addressed, the benefits of using economics, social, behav-
ioral, and decision sciences in EPA cannot be fully realized unless these areas of
expertise are genuinely integrated into EPA decision-making and decision sup-
port. The gaps identified by the committee are compounded further by the need
for tools to address systems-level impacts—which are often highly uncertain in
nature (such as indirect but interconnected impacts of a particular decision or
activity)—and solutions that address root causes of problems.

The process of developing a total maximum daily load (TMDL) for the
Chesapeake Bay is an example in which EPA conducted high-quality environ-
mental science but did not adequately integrate social, economic, behavioral,
and decision sciences. The TMDL calls for reductions in nitrogen (by 25%),
phosphorus (by 24%), and sediment (by 20%) to restore the bay by 2025 and
allocates load reductions in its major tributaries to the bay (EPA 2010b). The
TMDL can be viewed as a triumph of EPA-led environmental science. The
agency initiated and led research to understand the effects of human activity on
the bay’s waters and living resources and to provide a scientific foundation for
measures to restore the bay beginning in the 1970s. That research has been cru-
cial for the development of the science that underpins the TMDL, but the TMDL
was developed without studies of the benefits and costs. EPA’s National Center
for Environmental Economics and its Chesapeake Bay program are only now
conducting benefit—cost assessments of the TMDL, which are too late to inform
its specification. Furthermore, and perhaps even more problematic, EPA has
neither conducted nor sponsored substantial social, economic, behavioral, and
decision science research on fundamental policy questions related to inducing
the behavioral changes that are essential for achieving the TMDL.

Updating and Enhancing Estimates of Environmental Benefits

Among the social, economic, behavioral, and decision sciences, only eco-
nomics is generally mandated in EPA. Regulatory impact assessments to deter-
mine the benefits and costs of environmental regulation are mandated by various
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executive orders. The most important is Executive Order 12866, which requires
benefit—cost analyses of proposed and final regulations that qualify as “signifi-
cant” regulatory actions. The Safe Drinking Water Act, the Toxic Substances
Control Act, and the Federal Insecticide, Fungicide, and Rodenticide Act require
EPA to weigh benefits and costs in regulatory actions. Some environmental leg-
islation requires benefit and cost evaluations outside the regulatory process. The
leading example is Section 812 of the Clean Air Act Amendments of 1990,
which requires EPA to develop periodic reports to Congress that estimate the
economic benefits and costs of provisions of the act; program offices are respon-
sible for regulatory impact assessments in their fields. EPA’s National Center
for Environmental Economics offers a centralized source of technical expertise
for economic assessments in the agency.

Evaluations of EPA economic assessments indicate that they can be useful
and influential. For example, an early evaluation of economic assessments (EPA
1987) found that “economic analyses improve environmental regulation. EPA’s
benefit—cost analyses have resulted in several cases of increased net societal
benefits of environmental regulations.” The report also found that “benefit—cost
analysis often provides the basis of stricter environmental regulations....For
example, the most dramatic increase in net benefits ($6.7 billion) from EPA’s
[regulatory impact assessments] resulted from a recommendation for much
stricter standards—to eliminate lead in motor fuels.” The report also noted that,
“alternatively, benefit—cost analysis may reveal regulatory alternatives that
achieve the desired degree of environmental benefits at a lower cost.”

There are many uncertain and potentially controversial dimensions associ-
ated with the use of benefit—cost analysis as conducted for regulatory impact
assessments. In principle, such analyses identify, quantify, and monetize the
multiple outcomes of an environmental decision or policy into a single indicator
of economic efficiency. If multiple alternatives are considered in the analyses,
benefit-cost analyses can support a solutions orientation by incorporating eco-
nomics factors into the risk-based decision-making paradigm described earlier.
Apart from procedural details, there is debate about the validity of economic
concepts of value for environmental and some other goods (for example, the
value of life), the capacity of economics to measure some types of values, the
discounting of future costs and benefits, the treatment of uncertainty and irre-
versibility, and the relevance of economic efficiency, as one among many socie-
tal objectives, to environmental decisions (EPA 1987; Ackerman and Heinzer-
ling 2004; Posner 2004; Sunstein 2005). Despite the controversies, the
importance of benefit—cost analysis for regulatory impact assessments is recog-
nized almost universally. Harrington et al. (2009) have produced a useful set of
recommendations to improve the technical quality, relevance to decision-
making, and transparency of regulatory impact assessments and their treatment
of new scientific information and balance of efficiency and distributional con-
cerns. If implemented, a number of those recommendations would help integrate
benefit—cost analysis with other tools to support systems thinking, including a
focus on comparing multiple policy alternatives, making decisions given multi-
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ple dimensions of interest, and improving how uncertainties are characterized
and communicated. The issues of multidimensional decision-making and ad-
dressing uncertainty in complex systems are discussed below. EPA’s economists
are cognizant of the controversies and challenges in conducting benefit-cost
studies and of the frontiers of economic research in environmental benefit—cost
analysis.

Even if benefit—cost analysis were implemented based on the recommen-
dations from Harrington et al. (2009), there are important gaps in the scope of
available work on the valuation of benefits, and the literature is becoming dated.
For example, a value-of-a-statistical life (VSL) approach is used to assign mone-
tary values to reductions in mortality risk. EPA typically bases its VSL values
on a 1992 synthesis of 26 published studies (Viscusi 1992). Although EPA does
provide more recent references to frame the discussion, including studies of how
VSL may vary as a function of life expectancy or health status, the core quanti-
tative value remains based on old studies that are not necessarily relevant to the
people most vulnerable to air-pollution health effects. Inasmuch as analyses
have consistently shown that uncertainty in VSL dominates the overall uncer-
tainty in benefit—cost analyses and given that policy choices may hinge on this
value, it seems incumbent on EPA to invest in intramural and extramural re-
search specifically on it. Similarly, with respect to morbidity outcomes, the most
recent willingness-to-pay study that was incorporated into the analysis of the
Clean Air Act Amendments (EPA 2011f) was conducted in 1994. In that bene-
fit-cost analysis, multiple key health outcomes were valued by using only cost-
of-illness information.

Valuation of the ecologic and welfare benefits of air-pollution reductions
is similarly lacking; the only dimensions monetized are the effects of reductions
in agricultural and forest productivity on the price of related goods, the willing-
ness to pay for visibility improvements (based on studies conducted 20-30 years
ago), damage to building materials, and effects on recreational fishing and tim-
ber in the Adirondacks. A recent workshop on the use of ecologic nonmarket
valuation in EPA benefit—cost analysis work concluded that “perhaps the most
surprising outcome was the realization of how few nonmarket ecological valua-
tion studies are used by the EPA” (Weber 2010).

Funding for valuation research has been reduced, and disciplinary interest
in valuation research, once a major topic in environmental-economics journals,
has diminished. Assessing and addressing gaps in the environmental-benefits
estimates should have high priority and can be tackled through research designs
that produce statistically representative samples for EPA regulatory impact as-
sessments (for the importance of standardization and sampling strategies for
water see, for example, Bruins and Heberling 2004; Van Houtven et al. 2007,
Weber 2010). The challenges in addressing these gaps are not trivial given
budget constraints and logistics barriers to collecting public data.

Two recent EPA documents discuss ecologic-valuation challenges and
strategies for the agency (EPA 2006b; EPA SAB 2009). The stated goal of
EPA’s Ecological Benefits Assessment Strategic Plan is to “help improve
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Agency decision-making by enhancing EPA’s ability to identify, quantify, and
value the ecological benefits of existing and proposed policies” (EPA 2006b, p.
XV). The agency has devoted resources to enhancing the science of ecologic-
service valuation through the STAR grants program and ORD’s ecosystem-
services research program. The 2009 report by EPA SAB concluded that a “gap
exists between the need to understand and protect ecologic systems and services
and EPA’s ability to address this need” (EPA SAB 2009, p.8). The report pro-
vides recommendations for enhanced research on “how an integrated and ex-
panded approach to ecologic valuation can help the agency describe and meas-
ure the value of protecting ecologic systems and services, thus better meeting its
overall mission” (EPA SAB 2009, p.8).

Synthesis Research

Scientific progress has always depended on synthesis of disparate data,
concepts, and theories (Carpenter et al. 2009). The combined forces of increas-
ing research specialization, an explosion of scientific information, and growing
demand for solutions to pressing environmental problems have made scientific
synthesis more challenging and more urgent than ever before. In recent years,
the National Science Foundation and other agencies have invested considerable
funds in synthesis research centers. At least 19 such centers have now been es-
tablished in the United States and abroad. They have demonstrated the power
and cost effectiveness of bringing together multidisciplinary collaborative
groups to integrate and analyze data to generate new scientific knowledge that
has increased generality, parsimony, applicability, and empirical soundness
(Hampton and Parker 2011). The impact of well-designed synthesis efforts ex-
tends beyond the life of the projects themselves. Projects spin off new and unex-
pected collaborative research, and researchers tend to expand the multidiscipli-
nary breadth of their research (Hampton and Parker 2011). Several mechanisms
that increase the creative productivity of multidisciplinary synthesis research
have been identified, notably open, competitive calls for projects; face-to-face
interactions at a neutral facility free of distractions; and multiple working group
meetings that enable technology and analytic support, institutional diversity,
diversity of career stages, inclusion of postdoctoral fellows, and moderately
large group size (Hackett et al. 2008; Hampton and Parker 2011).

EPA often produces useful synthesis reports that summarize the state of
knowledge on a topic, but this is not a substitute for synthesis research. The
agency could make more use of deliberately designed synthesis research activi-
ties to promote multidisciplinary collaborations and accelerate progress toward
integrated sustainability science. One example is the recent creation by the US
Geological Survey of the John Wesley Powell Center for Analysis and Synthesis
(The Powell Center 2012). EPA could also pursue opportunities with synthesis
centers, such as the National Center for Ecological Analysis and Synthesis
(NCEAS 2012) and the newly established Socio-Environmental Synthesis Cen-
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ter (SESYNC 2012). Given its corpus of researchers in both environmental and
health sciences, the agency is well positioned to pursue synthesis research that
brings together environmental science and public-health science data and per-
spectives.

SYNTHESIS AND EVALUATION FOR DECISIONS

Systems-level problems are rarely amenable to simple quantitative deci-
sion measures. More often than not, complex problems require consideration of
multiple types of information (including quantitative and qualitative data), char-
acterization of different types of uncertainty, and consideration of prevention
options. The information base might include outputs from tools such as LCA or
cumulative risk assessment, integrated with economic and other information in a
structured framework to inform decisions. There is a need for the agency to de-
velop consistent approaches for synthesizing a broad array of systems informa-
tion on hazards, exposures, solutions, and values. Although agencies like EPA
regularly “do synthesis” for decision-making, the approaches to synthesis have
been varied, often depending on regulatory demands. Most recently, EPA has
attempted to realign its existing science decision-making processes in line with
the sustainability framework proposed by the NRC Committee on Incorporating
Sustainability in the US Environmental Protection Agency (NRC 2011a), al-
though implementation of that realignment is in its early stages. The committee
identified several approaches that could provide support to the agency in estab-
lishing consistent approaches for more holistic decisions. They include enhanced
sustainability analysis (as recommended by NRC 2011a), solutions-oriented
approaches (such as alternatives assessment and health impact assessment), and
multicriteria decision analysis.

Sustainability Analysis

EPA has recently begun to implement tools and approaches to determine
how the science that it is developing and decisions made on the basis of it sup-
port sustainability (Anastas 2012). The NRC Committee on Incorporating Sus-
tainability in the US Environmental Protection Agency developed a sustainabil-
ity-analysis framework for EPA (NRC 2011a), starting with the definition of
sustainability espoused in Executive Order 13514 (2009). The definition of sus-
tainability provided in that executive order is “to create and maintain conditions,
under which man and nature can exist in productive harmony, and fulfill the
social, economic, and other requirements of present and future generations of
Americans” (42 U.S.C. §§ 4331(a)[NEPA§101]). That committee developed its
sustainability framework and the sustainability assessment and management
approach (Figure 4-2) to provide guidance to EPA on incorporating sustainabil-
ity into decision-making. They build on the traditional risk-assessment and risk-
management framework of the agency.
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The framework and assessment and management approach are built on
traditional principles of vision, objectives, goals, and metrics. The goals of sus-
tainability analysis are to expand decision consideration to include multiple sus-
tainability options and their social, environmental, and economic consequences;
to include the intergenerational effects of consequences in addition to more im-
mediate ones; and to involve a broad array of stakeholders. Many of these con-
cepts intersect with the solutions-oriented approaches discussed in this section,
including the expansive scope and stakeholder involvement that will be dis-
cussed in the health impact assessment (HIA) paragraph below, the use of be-
havioral science and economics to consider an array of impacts, and the use of
life-cycle thinking to avoid creating upstream and downstream problems. The
framework and approach lay out a series of steps that should be taken in evaluat-
ing sustainability implications of a particular decision. The evaluation tools to be
used will depend on the nature and needs of the particular decision. Although
this framework is new and does not have a particular “toolbox” or analytic tech-
nique, it provides a set of steps that can be taken in synthesizing information
from varied sources and fields into a coherent sustainability decision.

Solutions-Oriented Approaches

There has been an increasing emphasis among advisory committees and in
EPA on moving away from characterizing problems and toward determining and
evaluating solutions. For example, Science and Decisions: Advancing Risk As-
sessment (NRC 2009) emphasized that risk assessment should be used to dis-
criminate among risk-management options, not as an end in itself, and this sug-
gests a framework within which alternative options are considered upfront. A
recent NRC report (NRC 2011b) gave recommendations about HIA as a solu-
tions-oriented policy tool to introduce health considerations into numerous pol-
icy decisions that could have direct or indirect health implications. HIA, as de-
fined by the NRC Committee on Health Impact Assessment (2011b), is
consistent with the risk-based decision-making framework proposed by Science
and Decisions: Advancing Risk Assessment (NRC 2009). Both approaches ex-
plicitly emphasize conducting analyses that help discriminate among policy op-
tions and that use planning and scoping to devise analyses that are of an appro-
priate level of sophistication given the decision context. Although it includes
approaches beyond risk assessment and has a scope that often extends beyond
EPA’s mandate, HIA has many attributes that are well-aligned with the future
needs of EPA. For example, HIA incorporates systems thinking and encourages
development of broad conceptual models to avoid unanticipated risk tradeoffs,
which is a valuable approach to incorporate into numerous analytic tools. HIA
also endorses the use of both quantitative and qualitative information to inform
decisions, and it explicitly considers equity issues and vulnerable populations
that may not be captured within benefit-cost analyses or related tools.
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In parallel, alternatives assessment has formed the basis of pollution-
prevention planning efforts, the chemical-alternatives assessment processes un-
dertaken by the EPA Design for the Environment program (see Chapter 3), and
technology options analysis in chemical safety efforts. Although alternatives
assessment is not strictly tied to risk assessment and risk management, it simi-
larly involves the systematic analysis of a wide array of options for a potentially
damaging activity that are evaluated on the basis of hazard, performance, social,
and economic factors. Beyond HIA and alternatives assessment, there are sev-
eral other tools for applying systems thinking that are intrinsically solutions-
oriented. For example, LCA emphasizes comparing alternative methods for ad-
dressing a defined need, and benefit—cost analysis is designed to compare multi-
ple policy options to arrive at an optimal choice.

Regardless of the specific approach and application, those approaches all
provide a tool for focusing on solutions and innovation opportunities and draw-
ing attention to what a government agency or proponent of an activity could be
doing to solve the problem at hand rather than simply characterizing it in finer
detail. They also provide opportunities to evaluate the reduction of multiple risks
rather than simply focusing on controlling a single hazard, potentially leveraging
the methods and approaches within cumulative risk assessment. Finally, if agen-
cies’ actions promote restriction of a particular activity, there is a responsibility
to understand alternatives and support a path that is environmentally sound,
technically feasible, and economically viable and that does not create new risks
of its own. Box 4-4 gives an example of a solutions-oriented approach for reduc-
ing chemical use.

Many of the above solutions-oriented approaches are currently in use in
some manner in EPA, but they are not applied comprehensively and systemati-
cally across the agency. However, alternatives-assessment approaches are built
into numerous laws and international treaties. The process for carrying out an
environmental impact statement under NEPA and state programs is one of the
most comprehensive examples for the requirement of alternatives assessment at
the national level (Tickner and Geiser 2004). When assessments are undertaken
under NEPA, agencies and organizations that use public funds and that are car-
rying out activities that might have substantial effects on the environment need
to undergo the process for creating an environmental impact statement. “The
goal of NEPA is to foster better decisions and ‘excellent action’ through the
identification of reasonable alternatives that will avoid or minimize adverse im-
pacts” (Tickner and Geiser 2004).

NEPA regulations require that the process described above be carried out
before the start of any activity that might have environmental effects. An inter-
disciplinary approach is undertaken to ensure that environmental effects and
values are comprehensively identified and examined; to ensure that appropriate
and reasonable alternatives are rigorously studied, developed, and described;
and to recommend specific courses of action. The first step of assessing effects
is a scoping process, during which potential effects are broadly defined and
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examined in detail, “including direct and indirect impacts, cumulative effects,
effects on historic and cultural resources, impacts of alternatives, and options to
mitigate potential impacts” (Tickner and Geiser 2004). The NEPA environ-
mental impact statement approach, supplemented by new approaches to health
impact assessment, provides a way of integrating scientific information from
multiple sources into decisions that focus on evaluating prevention options.

BOX 4-4 Example of a Solutions-Oriented Approach:
Reducing Trichloroethylene Use in Massachusetts

The solvent trichloroethylene (TCE) has been targeted for substantial re-
ductions in exposure by EPA and numerous states because of its toxicity,
particularly its potential carcinogenicity. It is commonly found at Superfund
sites and is of particular concern because it can leach into and contaminate
groundwater and drinking water supplies. TCE is mainly used to degrease
metal parts and it can cause harmful occupational exposures if it is acciden-
tally spilled. Applying traditional end-of-pipe control approaches have, in
many cases, resulted in the TCE problem being shifted from air to water to
land rather than the problem being eliminated. Reducing human exposures to
TCE cannot be solved using a simple solution; a systems-based and solu-
tions-oriented approach must be used.

Under the 1989 Massachusetts Toxics Use Reduction Act, chemical
manufacturers that produce large quantities of toxic chemicals, which include
TCE, are required to pay a fee and to conduct a form of systems analysis.
The analysis includes a materials throughput analysis every year and a facility
planning process analysis every 2 years to understand how and why chemi-
cals are being used and to assess potential process and product modifica-
tions that would reduce toxic material use and waste. The fee provides fund-
ing for the Toxics Use Reduction Institute (TURI) at the University of
Massachusetts, Lowell. Most cleaning tasks that use TCE can be performed
with alternative organic solvents or with water-based cleaners. In general,
water-based cleaners are preferred because they are usually safer for human
health and the environment. TURI has been working with manufacturers of
metal parts and manufacturers of electronics to help them move from TCE to
safer and more cost-effective cleaning solutions. TURI determined that one of
the barriers in the adoption of safer alternatives is the concern that productiv-
ity and product specifications might suffer if standard metal cleaning proce-
dures are altered. To address this concern, TURI created the Surface Solu-
tions Laboratory to evaluate the effectiveness and safety of TCE alternatives
for small-sized and medium-sized companies. By focusing on the “function”
that TCE provides, requiring a systems evaluation, and providing support for
solutions, industrial TCE use in Massachusetts declined by more than 77%
from 1990 to 2005, with greater than 90% reductions in some sectors.

Source: Adapted from Sarewitz et al. 2010 and TURI 2011.
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EPA has substantially contributed to the advancement of analytic tech-
niques and tools to detect environmental stressors and characterize health and
ecosystem impacts of those stressors. While better characterization of problems
is important, it is critical that the agency apply this knowledge to primary pre-
vention—that is, the design of safer and more sustainable forms of production
and consumption. Like sustainability, a focus on solutions should be more than a
simple mission statement. It must be linked to adequate resources, tools, and
infrastructure at the highest levels of the agency.

Multiple-Criteria and Multidimensional Decision-Making

The tools of alternatives assessment, HIA, and the sustainability manage-
ment approach all incorporate an array of information to arrive at a preferred
solution, but this becomes increasingly challenging given numerous dimensions
that often cannot be compared on the same scale. Benefit—cost analysis is a well-
known example in which the multiple outcomes of a decision are monetized (if
possible) and aggregated into a single indicator of economic efficiency, but it
cannot provide a complete ranking of alternatives if stakeholders and environ-
mental decision-makers are interested in other objectives (such as fairness across
income classes, regions, or racial groups; generations in the distribution of bur-
dens and benefits; or norms in the treatment of nonhuman organisms). Benefit—
cost analysis is useful and sometimes mandated for regulatory impact assess-
ments, but its value is limited in dealing with complex issues in which economic
efficiency is only one of many important objectives for environmental decision-
makers and their stakeholders. While deliberative approaches may be warranted
in complex situations, especially when both quantitative and qualitative informa-
tion are being used, analytic approaches to integrate data from multiple sources
and types into a single number or range of numbers have tremendous potential.

One approach to solving problems that have multiple incommensurate di-
mensions is to use tools within the realm of multiple-criteria decision-making
(MCDM) (Figueira et al 2005). Within the broad framework of informatics, de-
veloping and applying MCDM in conjunction with uncertainty analysis and
data-mining (Shi et al. 2002) can provide a set of useful ways for using emerg-
ing science and developing evidence-supported policy-making in the agency.
Like benefit—cost analysis, MCDM is an approach that creates and assigns a
preference index to rank policy options on the basis of the totality of all adopted
criteria. However, unlike benefit—cost analysis, MCDM was not designed to
rank options based on a consumer’s preference for environmental or other
goods. Instead, the method is flexible for selecting weights and it is often de-
signed to use weights assigned by the decision-maker. This flexibility allows for
the inclusion of a broader set of objectives, although the selection can be inher-
ently contentious. The preference index value attributable to each criterion re-
flects the nature and importance of the criterion, for example, cost, benefits,
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innovation, or change in ecology or human health. The preference index then
leads to a partial ranking of the policy options under consideration and recom-
mendation of an “optimal” set of choices or competitive choices (Brans and
Vincke 1985). MCDM has been applied successfully in environmental decision-
making (Moffett and Sarkar 2006; Hajkowicz and Collins 2007); however, crite-
rion-specific constituents of the preference index for each policy option are af-
fected by the quality of the science and evidence, scaling, and other factors that
can limit validity (Hajkowicz and Collins 2007).

An alternative to single-objective formulations is to provide decision-
makers with the Pareto optimal set of nondominated candidate solutions. Essen-
tially, the Pareto optimal set is constructed by identifying decisions that can im-
prove one or more objectives without harming any other. Use of the Pareto op-
timal set does not determine a single preferred approach but presents decision-
makers with a smaller set of options from which to choose. The concept of
Pareto optimal sets is not new, but the capacity to apply it in decision-making
has been greatly expanded by recent methodologic advances in optimization
techniques (most notably multiobjective evolutionary algorithms) and computa-
tion of Pareto sets for large complex problems, and this has increased the scope
of environmental and other applications (Coello et al. 2007; Nicklow et al.
2010). Rabotyagov et al. (2010) give an example of evolutionary computation
for the analysis of tradeoffs between pollution-control costs and nutrient-
pollution reductions. Optimal sets of air pollution control measures have been
developed that consider aggregate health benefits and inequality in the distribu-
tion of those benefits as separate dimensions (Levy et al. 2007). Kasprzyk et al.
(2009) demonstrate how multiobjective methods can be used to inform policies
for the management of urban water-supply risks that are caused by growing
population demands and droughts. Multiobjective optimization in support of
environmental-management decisions is especially compelling given the emerg-
ing paradigm of managing for multiple ecosystem services and consideration of
cumulative risks for human health. Tradeoffs and complementarities can exist
between alternative services and between other relevant performance metrics
(for example, public and private costs and distribution outcomes by location or
income class). Applications of multiobjective optimization methods would pro-
mote the explicit specification of preference indices relevant to environmental
decision-making and science to quantify outcomes and evaluate tradeoffs; all
this would serve to improve the transparency and scientific soundness of deci-
sions.

Addressing Uncertainty in Complex Systems

With any of the solutions-oriented approaches delineated above, regard-
less of which analytic tools or indicators are used by EPA to support decisions in
the future, uncertainty will be an overriding concern. With increasingly complex
multifactorial problems and a push for tools that are sufficiently timely and
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flexible to inform risk-management decisions (NRC 2009), the importance of
uncertainty characterization and analysis will only increase. It should be noted
that the increasing importance of uncertainty analysis does not necessarily imply
increasing sophistication of computational methods or even increasing necessity
of quantitative uncertainty analysis. As discussed in Science and Decisions.: Ad-
vancing Risk Assessment (NRC 2009), uncertainty analysis is a component to be
planned for with the rest of an assessment, and a simple bounding analysis or
qualitative elucidation of different types of uncertainties may be adequate if it
shows that a given risk-management decision is robust compared with compet-
ing options (NRC 2009).

Consistent and holistic approaches are necessary for characterizing and
recognizing uncertainty (in particular the various types of uncertainty, including
unquantifiable systems-level uncertainties, indeterminacy, and ignorance). Such
approaches would allow EPA to articulate the importance of uncertainty in light
of pending decisions and not become paralyzed by the need for increasingly
complex computational analysis. In addition, applying uncertainty analysis co-
herently in all EPA’s arenas would ensure that a policy or decision is both ten-
able and robust (van der Sluijs et al. 2008) and would ensure that uncertainty
analysis is a means to an end and is designed with the end use in mind. Simi-
larly, uncertainty analyses that are billed as comprehensive but omit key sources
of uncertainty have the potential to be misleading or to lead to inappropriate
decisions about research priorities and interventions. Finally, EPA would benefit
from communicating uncertainty more effectively. Uncertainty is often mistak-
enly viewed as a negative form of knowledge, an indicator of poor-quality sci-
ence (Funtowicz and Ravetz 1992). There is therefore a perception that ac-
knowledging uncertainty can weaken agency authority by creating an image of
the agency as unknowledgeable, by threatening the objectivity of “science-
based” standards, and by making it more difficult to defend itself in the face of
political and court challenges. However, reluctance to acknowledge uncertainty
can lead EPA to rely on tools and methods that cannot provide timely answers,
can push the agency to use point estimates to defend what are policy decisions
(see Brickman et al. 1985), and runs counter to the value of uncertainty analysis
in informing research and decision priorities.

OVERARCHING RECOMMENDATION

The committee has described the important emerging environmental issues
and complex challenges in Chapter 2 and the many types of emerging scientific
information, tools, techniques, and technologies in Chapter 3 and Appendixes C
and D. It is clear that if EPA is to meet those challenges and to make the greatest
possible use of the new scientific tools, its problems will need to be approached
from a systems perspective. Although improved science is important for EPA’s
future, it is not sufficient for fully improving EPA’s capabilities for dealing with
health and environmental challenges. Better economic analysis, policy ap-
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proaches, stakeholder involvement, communication, policy, and integration for
systems thinking are also vital.

In the present chapter, the committee has recommended ways in which the
agency can integrate systems thinking techniques into a 21st century framework
for science to inform decisions. For EPA to stay at the leading edge, it will need
to produce science that is anticipatory, innovative, long-term, and collaborative;
to evaluate and apply new tools for data acquisition, modeling, and knowledge
development; to continue to develop and apply new systems-level tools and ex-
pertise; and to develop tools and methods to synthesize science, characterize
uncertainties, and integrate, track, and assess the outcomes of actions. If effec-
tively implemented, such a framework would help to break the silos of the
agency and promote collaboration among research related to different media,
time scales, and disciplines. In supporting environmental science and engineer-
ing for the 21st century, EPA will need to continue to evolve from an agency
that focuses on using science to characterize risks so that it can respond to prob-
lems to an agency that applies science holistically to characterize both problems
and solutions at the earliest point possible.

Finding: Environmental problems are increasingly interconnected. EPA can no
longer address just one environmental hazard at a time without considering how
that problem interacts with, is influenced by, and influences other aspects of the
environment.

Recommendation: The committee recommends that EPA substantially en-
hance the integration of systems thinking into its work and enhance its ca-
pacity to apply systems thinking to all aspects of how it approaches complex
decisions.

The following paragraphs provide examples of some of strategies that
EPA could use to help it set its own priorities and to enhance its use of systems
thinking.

Even if formal quantitative LCA is not feasible, increased use of a life-
cycle perspective would help EPA to assess activities, regulatory strategies, and
associated environmental consequences. Placing more of a focus on life-cycle
thinking would likely include increasing EPA’s investment in the development
of LCA tools that reflect the most recent knowledge in LCA and risk assessment
(both human health and ecologic). In addition, it may be more cost effective for
EPA to provide incentives and resources to increase collaborations between
LCA practitioners in the agency and those working on related analytic tools
(such as risk assessment, exposure modeling, alternatives assessment, and green
chemistry). EPA has some internal capacity for LCA, but could benefit from a
more systematic use of such an assessment across the agency’s mission.

Continuing to invest intramural and extramural resources in cumulative
risk assessment and the underlying multistressor data, including coordinated
bench science and community-based components, would give EPA a broader
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and more comprehensive understanding of the complex interactions between
chemicals, humans, and the environment. A challenge before the agency is the
characterization of cumulative effects using complex, incomplete, or missing
data. Even as EPA seeks to improve its understanding of risks, some prevention-
based decisions may need to be made in the face of uncertainty.

In EPA’s science programs, environmental decisions will only be effective
if they consider the social and behavioral contexts in which they will play out.
Such decisions can substantially affect societal interests beyond those that are
specifically environmental. Tradeoffs among environmental and other societal
outcomes need to be anticipated and made explicit if decision-making is to be
fully informed and transparent. Predicting economic and societal responses at
various points in the decision-making process is necessary to achieve desirable
environmental and societal outcomes. For these reasons, developing mecha-
nisms to integrate social, economic, behavioral, and decision sciences would
lead to more comprehensive environmental-management decisions. EPA can
engage the social, economic, behavioral, and decision sciences as part of a sys-
tems-thinking perspective rather than as consumers and evaluators of others’
science. Human behavior is a major determinant of the state of the environment
and, as such, should be an integral part of systems thinking regarding environ-
mental risk and risk mitigation alternatives. In addition, EPA would benefit from
a long-term commitment to advancing research in a number of related fields,
including valuation of health and ecosystem benefits.

Research centers that focus on synthesis research have demonstrated the
power and cost effectiveness of bringing together multidisciplinary collaborative
groups to integrate and analyze data to generate new scientific knowledge. De-
liberately introducing synthesis research into EPA’s activities would contribute
to accelerating its progress in sustainability science. A specific area where
knowledge from systems thinking could be applied is in the design of safe
chemicals, products, and materials.
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Enhanced Scientific
Leadership and Capacity in the
US Environmental Protection Agency

Previous chapters, particularly Chapter 4, outline the need for an enhanced
approach to science and technology in the US Environmental Protection Agency
(EPA) that recognizes the challenge of characterizing and preventing effects on
human health and ecosystems in the context of complex systems. With the de-
velopment of new tools and approaches to collecting and processing large
amounts of environmental and health data and for characterizing effects when
knowledge is uncertain, it is imperative that a new way of thinking—embodied
in the concepts of science that anticipates, innovates, takes the long view, and is
collaborative—be integrated into scientific processes in EPA’s Office of Re-
search and Development (ORD) and across its national research program areas.

In the United States, environmental management is conducted through a
mosaic of federal, state, and local activities in multiple federal and state agen-
cies, often through regionally distributed offices. Environmental decisions are
made at multiple administrative levels in those agencies. Science questions arise
throughout that environmental-management network and require access to the
latest and best scientific information possible. In EPA’s program and regional
offices, science is most often conducted in direct response to particular regula-
tory and programmatic needs and often operates on different timescales in con-
trast with longer-term discovery-oriented science in ORD. Efforts to enhance
EPA science for the 21st century should not focus only on ORD but should in-
corporate efforts, resources, expertise, and scientific and non-scientific perspec-
tives in program and field offices. Such efforts need to support the integration of
both existing and new science throughout the agency; avoid duplication or,
worse, contradictory actions; respect different sets of priorities and timeframes;
and advance common goals. EPA also engages in activities to deliver science
and provide decision support to nonfederal entities (for example, states and
tribes), and decreasing budgets of tribal, state, and local environmental agencies
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will make this function increasingly important. At the same time, EPA is itself
increasingly resource constrained. As noted in Science Integration for Decision
Making at the US Environmental Protection Agency, since 2004, the budget for
ORD has declined 28.5% in real dollar terms (gross domestic product-indexed
dollars) (EPA SAB 2012a).

To support enhanced leadership and to continually improve environmental
science and engineering for the 21st century, the committee identified six key
topics:

e Enhance agency-wide science leadership.

e Fully implement the recent restructuring of ORD.

e Coordinate and integrate science efforts within the agency more effec-
tively.

o Strengthen scientific capacity inside and outside the agency.

e Deliver and support 21st century environmental science and engineer-
ing outside the agency.

o Support scientific integrity and quality.

ENHANCED AGENCY-WIDE SCIENCE LEADERSHIP
IN THE US ENVIRONMENTAL PROTECTION AGENCY

Emerging challenges in ecosystem quality and human health necessitate
the enhancement and broader use of science in the agency. The environmental
challenges outlined in Chapter 2, such as climate change and degradation of
surface waters from mixtures of contaminants, share many characteristics—they
are transboundary, are multigenerational, and involve complex interactions of
multiple stressors and feedback loops. They are affected by population growth,
changes in land-use patterns, and technologic change. They constitute wicked
problems—that is, problems that are difficult to characterize and to solve be-
cause of their complexity; lack of comprehensive understanding; controversy
over causes, effects, and solutions; and interdependence. The rapidly emerging
scientific techniques and approaches and their application described in Chapter 3
offer both opportunities and challenges for enhancing the science that EPA pro-
duces and applying it to the increasingly complex decisions that are necessitated
by wicked problems.

The agency has shown an ability to evaluate new tools and integrate them
into its activities in some instances, as described in Chapter 3 and Appendixes C
and D, although the process has not been systematic or agency-wide. Also, the
agency has made strides in recent years to reorganize and reorient its science
activities in ORD with some success. The work of ORD scientists is often the
most visible, and at times controversial, scientific interpretation and application
in the agency. However, more than three-fourths of the scientific staff in EPA do
not work within ORD (EPA SAB 2012b); these scientists are frequently placed
in positions where they must apply and interpret science for equally controver-
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sial decisions and must be able to access and understand the latest scientific
techniques and approaches. There has been progress toward agency-wide sci-
ence integration with the establishment of the Office of the Science Advisor, and
further progress might be made with the shift of the science advisor position
from within ORD to the Office of the Administrator in early 2012; however, the
Office of the Science Advisor may need further authority from the administrator
or additional staff resources to continue to improve the integration and coordina-
tion of science across the programs and regions throughout the agency.

As discussed in several places in this report, EPA has made important
progress in human health and environmental science and engineering over the
last few decades, and the environment is better today because of that progress.
However, as the committee reviewed emerging challenges and scientific tools
and evaluated the capacity of the agency to respond, the need for substantially
enhanced science leadership throughout the agency became clear. When the
committee speaks of enhanced science leadership, it is not just referring to the
strengthened capacity of someone in a high-level position within EPA to whom
the administrator has provided independence, authority, and resources, but also
the internal support at all levels in the agency (including scientists, analysts,
directors, and deputy and assistant administrators) to ensure that the highest-
quality science is developed, evaluated, and applied systematically throughout
the agency’s programs.

At least four independent reports in the last 20 years (EPA 1992, NRC
2000, GAO 2011, EPA SAB 2012b) have, on the basis of their own analyses
recommended enhanced science leadership. Some of the specific recommenda-
tions included the need for the position of deputy administrator for science with
sufficient resources and authority to coordinate scientific efforts in the agency
(as noted above) and to build collaboration with external agencies and expertise;
the establishment of an overarching issue-based planning process and a scien-
tific agenda for major environmental issues that integrates and coordinates sci-
entific efforts throughout the agency and that is regularly reviewed and updated;
a coordinated approach to managing and strengthening EPA’s scientific work-
force that will serve as a resource for the entire agency; and a strategy that pro-
motes science integration by making it a more consistent priority, by strengthen-
ing management oversight, and by strengthening participation and support of
EPA scientists. Most recently, the EPA Science Advisory Board (SAB) noted
that

Narrow interpretations of legislative mandates and the organizational
structure of the EPA’s regulatory programs have posed barriers, in many
cases, to innovation and cross-program problem solving. EPA managers
and staff in many interviews, especially in program offices, defined the
success of their programs in terms of meeting statutory requirements and
court-ordered deadlines. Although meeting legal mandates is essential, the
EPA needs a broader perspective that extends beyond specific program
objectives to achieve multiple environmental protection goals, including
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sustainability. A narrow focus on “program silos” and defensibility can be
a barrier to formulating and responding to problems as they occur in the
real world. Such a limited approach can hinder integration of new scien-
tific information into decisions and new applications of science to develop
innovative, effective solutions to environmental problems (EPA SAB
2012b, p. 5).

In the committee’s analysis of the strengths and limitations of an enhanced
agency-wide leadership position, it has concluded that successful implementa-
tion of the systems-based application of emerging tools and technologies to meet
persistent and future challenges cannot be achieved under the current structure.
Success will require leadership throughout the agency, in the programs and re-
gions as well as in ORD. There will need to be clear lines of authority and re-
sponsibility, and regional administrators, program assistant administrators, and
staff members at all levels will need to be held accountable for ensuring scien-
tific quality and the integration of individual science activities into broader ef-
forts across the agency.

Finding: The need for improvement in the oversight, coordination, and man-
agement of agency-wide science has been documented in studies by the National
Research Council, The Government Accountability Office, and the agency’s
own SAB as a serious shortcoming and it remains an obstacle at EPA. The
committee’s own analysis of challenges and opportunities for the agency indi-
cates that the need for integration of systems thinking and the need for enhanced
leadership at all levels is even stronger than it has been in the past.

Recommendation: The committee recommends that the EPA administrator
continue to identify ways to substantially enhance the responsibilities of a
person in an agency-wide science leadership position. That person should
hold a senior position, which could be that of a deputy administrator for
science, a chief scientist, or possibly a substantially strengthened version of
the current science advisor position. He or she should have sufficient au-
thority and staff resources to improve the integration and coordination of
science across the agency. If this enhanced leadership position is to be suc-
cessful, strengthened leadership is needed throughout the agency and the
improved use of science at EPA will need to be carried out by staff at all
levels.

Whatever administrative arrangement is adopted, the following are sug-
gestions of the types of responsibilities that the committee thinks should be as-
sociated with this position:

e Chairing and assuring that the work of the Science and Technology
Policy Council is comprehensive and effective.
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e Promotion of systems thinking and systems-oriented tools to address
complex challenges ahead and the integration of this approach into every aspect
of agency science and engineering (as described in Chapter 4).

e Ensuring that the scientific and technical staff throughout the agency
(including program, regional, and research offices) have the expertise necessary
to perform their duties whether in support of the agency’s research or in support
of'its role as a regulatory and policy decision-maker.

e Ensuring that the agency has in place a system for quality assurance
and quality control of its scientific and technical work (including a system for
consistent high-quality peer review).

o Ensuring that the best available scientific and technical information is
being used to carry out the agency’s mission.

e Working to coordinate research and analytic efforts within and outside
the agency to ensure that the best information is used in the most efficient man-
ner.

e Encouraging and supporting interoffice and interagency science col-
laboration in order to solve problems and develop good solutions.

If the occupant of the position is to be successful, he or she will require
sufficient staff and resources to act on behalf of the administrator to implement a
coordinated budget and strategic planning process of the regional, program, and
research offices to ensure that appropriate scientific and technical expertise and
capabilities are available and used. The person in this position would also over-
see the policies and procedures related to the operation of the agency’s federal
advisory committees. The committee specifically recommends that the per-
son in this position and his or her staff create, implement, and periodically
update an integrated, agency-wide multiyear plan for science, its use, and
associated research needs. Such a plan would bring together ORD, program,
and regional science initiatives while being cognizant of the flexibility that is
imparted through bottom-up initiatives undertaken in ORD, the program offices,
and the regions.

The strengthening of science leadership is not without its challenges. For
example, whether or not the position is held by a political appointee could affect
the ability of the person in the position to be effective throughout the agency,
especially with the other political appointees who head the programs that rely on
science (and supervise many of the agency’s scientists). There is also the possi-
bility that new procedures established from the central administration could
serve to discourage innovation in science if not carefully applied. To a certain
extent, the recent EPA decision to re-establish the position of science advisor as
a non-political position distinct from ORD (as had been the case in earlier EPA
administrations) will provide a test of how to overcome some of these chal-
lenges. However, the revised role of the current science advisor does not fully
implement the committee’s recommendation unless that person is empowered
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with the tools and support described above. Even with the full support of the
administrator and senior staff, the effort will fail if the need to improve the use
of science in EPA is not accepted by staff at all levels.

REALIGNMENT OF THE OFFICE OF
RESEARCH AND DEVELOPMENT

ORD often sets the stage for research and scientific assessment efforts
throughout EPA. In 2011, the deputy administrator for ORD, Paul Anastas, an-
nounced a restructuring of the office in response to growing scientific challenges
and recommendations from the agency’s scientific advisers. The SAB called for
integrated transdisciplinary research at ORD, stating that “it will be essential for
EPA as a whole, and not just ORD alone, to adopt a systems approach to re-
search planning. It will also be essential to plan and conduct research in new,
integrated, and cross-discipline ways to support this systems approach” (EPA
SAB 2010). The ORD restructuring aims to

Align ORD’s research with the agency’s strategic goals.
Reorient ORD’s research to be guided by the concept of sustainability.
Promote systems thinking and innovation.
Couple excellence in problem assessment with excellence in solving
problems.

e Encourage integrated, transdisciplinary research among ORD labs and
through external funding.

The realignment consolidates 13 previous research sectors into four cross-
cutting sectors of research and two overarching sectors, as shown in Table 5-1.

In October 2011, SAB and ORD’s Board of Scientific Counselors (BOSC)
published a review of ORD’s structure (EPA SAB/BOSC 2011). SAB and
BOSC noted the “impressive increase in transdisciplinary collaboration as well
as coordination across ORD programs with the restructuring.” They also made
note of ORD efforts to think about innovation operationally as a fundamental
aspect of ORD research. SAB and BOSC gave ORD particular credit for having
involved regional and program offices in designing the realignment and for giv-
ing serious consideration to ways of encouraging creativity among ORD scien-
tists and engineers (EPA SAB/BOSC 2011).

Several key conclusions emerged from the SAB and BOSC review, in-
cluding suggestions that

o EPA ensure that financial and staff resources are adequate to imple-
ment the restructuring and are secured to sustain the communication, stake-
holder involvement, and integrated transdisciplinary collaboration that will be
essential for its success.
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TABLE 5-1 Former and Realigned Structures of EPA’s Office of Research and
Development

Integrated ORD
Former ORD Research Structure Research Structure
Global Change Research
Sustainability Research Air, Climate & Energy
Clean Air Research
Human Health and Ecosystems Research
Drinking Water Research Safe and Sustainable Water
Water Quality Research Resources

Human Health and Ecosystems Research

Pesticides & Toxics Research

Sustainable and Healthy

Sustainability Research Communities

Fellowships

Land Research (Excluding Nanotechnology)

Endocrine Disrupting Chemicals Research

Computational Toxicology Research

Human Health & Ecosystems Research

Human Health Risk Assessment (NexGen) Chemical Safety for
Sustainability

Pesticides & Toxics Research

Land Research (Nanotechnology)

Clean Air Research (Nanotechnology)

Sustainability Research

Human Health Risk Assessment Human Health Risk Assessment

Homeland Security Homeland Security

Source: Teichman and Anastas 2011.

e EPA continue to refine its implementation plans to ensure that the re-
structuring takes root. The agency needs to define clearly how ORD and pro-
gram office research programs relate to one another and how they fit within the
larger context of EPA and stakeholder science. A key aspect is ensuring that
senior and junior scientists in ORD and the program offices are invested in the
restructuring process.

o EPA develop clear metrics for the evaluation of progress of research
divisions and their ability to respond to environmental challenges in a new and
more solutions-oriented way. The long-term sustainability of the revised struc-
ture (in time and through administrations) will depend on the degree to which
the agency can demonstrate that the reorganization leads to better science and
better outcomes.
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e ORD maintain close communication and working relationships with
program offices to ensure that research in the agency continues to support pro-
grammatic needs. Regional and program offices should be engaged in evaluating
ORD’s progress and performance.

COORDINATION OF SCIENCE EFFORTS IN THE
US ENVIRONMENTAL PROTECTION AGENCY

The importance of delivering science to EPA decision-makers and sup-
porting the scientific capacities and endeavors of program and regional offices is
well-recognized in the agency. The agency should use scientific information in
all its decisions. Science needs for decisions are identified within program and
regional offices through various processes and can take two main forms—
summaries and syntheses of existing science and the creation of new science to
fill key gaps.

Existing science to inform and support decisions is usually acquired by
EPA scientific staff (through a combination of professional networks and elec-
tronic tools). ORD’s Office of Science Policy (OSP) is charged with integrating
and communicating scientific information that comes from or that supports
ORD's laboratories and centers (EPA 2012a). OSP’s Regional Science Program
links ORD science to regional offices. The Regional Science Program’s Re-
gional Science Liaison and Superfund and Technology Liaison locate scientists
in regional offices to facilitate regional staff and management access to ORD
science. The regional liaisons have regular communication with OSP to ensure
communication between ORD and the regional offices (M. Dannel, EPA, per-
sonal communication, December 30, 2011). The EPA SAB Committee on Sci-
ence Integration for Decision Making found that regional offices consider the
liaisons to be important in science acquisition (EPA SAB 2012b).

OSP plays a key role in connecting program and regional offices to ORD
research and in expanding the capacity of regional offices to conduct needed
research. For a few programs, most notably several programs in the Office of
Pesticide Programs, needed research can be required of regulated entities. How-
ever, that option is not available to most programs, and those programs and re-
gions rely to various degrees on inhouse research. At the regional level, there are
several mechanisms through which new science is supported. For example, the
Regional Applied Research Effort Program, which allocates about $200,000 per
year to each EPA region for collaborative research, funds near-term research (1—
2 years) on high-priority, regional applied-science needs. It is also intended to
foster collaboration between EPA regions and ORD laboratories and centers, to
build a network between regions and ORD for future scientific interaction, and
to provide opportunities for ORD scientists to apply their expertise to regional
issues and explore new research challenges. The Regional Methods Program, for
which about $600,000 per year is allocated, works to develop new monitoring
and enforcement methods (EPA 2012b). It is analogous to the Regional Applied
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Research Effort Program in that it provides the regions with near-term research
support on high-priority, region-specific science needs and improves collabora-
tion between regions and ORD laboratories and centers (EPA 2008). An exam-
ple is EPA Region 8, where scientists used support from the Regional Methods
Program to collaborate with EPA in developing a vitellogenin gene-induction
method to produce a marker of exposure to endocrine disrupting chemicals
(Keteles 2011). The Regional Research Partnership Program provides short-term
training opportunities (up to 6 months) for regional technical staff to work di-
rectly with ORD scientists in ORD laboratories and centers. Regional Science
Topic Workshops are held on high-priority topics, including green chemistry,
water reuse, and children’s environmental exposures. The workshops are in-
tended to identify research needs, initiate research partnerships, and improve
information-sharing and coordination of existing research efforts. Through the
Regional Research Partnership Program, OSP provides travel and relocation
expenses for 10 regional scientists a year to be detailed to specific ORD labora-
tories for 4 to 12 weeks to work on high-priority research projects in direct col-
laboration with ORD scientists. The committee concludes that the Regional Sci-
ence Program could improve the effectiveness of its delivery of ORD and
program-office research to regional programs through additional liaisons with
specific responsibility in this regard.

ORD is beginning to use social networking and information technology
tools, as noted in Chapters 3 and 4 and Appendix D, to promote the development
of science communities that cross internal organizational boundaries and extend
outside the agency. For example, EPA SAB (2012b) found various electronic
sources that are considered useful by the program and regional offices, including
the Office of Solid Waste and Emergency Responses CLU-IN Web site (which
provides a platform for training, seminars, and podcasts); a variety of forums
sponsored by the Office of Solid Waste and Emergency Responses that support
the Superfund and Resource Conservation and Recovery Act programs; the
Economics Forum, hosted by EPA’s National Center for Environmental Eco-
nomics (NCEE), to keep the agency and other interested parties informed about
research; and the Environmental Science Connector, a Web-based tool designed
for project management and information-sharing with EPA researchers and ex-
ternal collaborators. ORD is also experimenting with a Web-based collaborative
platform called IdeaScale that allows its scientists and engineers to engage in an
open, interactive conversation. Staff can share their ideas, then harness the input
of their peers through online discussions and ranking tools to refine them. EPA
is also developing IdeaScale sites for research programs, engaging both internal
and external stakeholders to help in preparing new research frameworks. It is an
interesting new approach, but there is little evidence that it has worked effec-
tively to date, having had few users.

Despite the variety of efforts to support and coordinate science within the
agency more effectively, the efforts focus on one-way interaction between ORD
and program offices or regions and, as noted in several reviews, are not thor-
oughly coordinated. EPA SAB (2012b, p.7) noted, “ORD principally focuses on
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ORD scientists, although it supports several small but important programs in the
regions. . . . Program and regional offices manage their scientific workforces
relatively independently, with some organizations providing stronger support
than others.” Given the need for integrated, transdisciplinary, and solutions-
oriented research to solve 21st century environmental problems, the existing
structure focused on ORD as the “science center” that establishes the scientific
agenda of EPA will not be sufficient; ORD only makes up a portion of EPA’s
scientific efforts, and more than three-fourths of EPA’s scientific staff work
outside ORD (EPA SAB 2012b). When science integration or collaboration oc-
curs, it involves largely short-term needs and problems. Although ORD has sur-
veyed regional and program offices for science and data needs and it will be
necessary to continue to conduct regular and systematic assessments of regional
and program offices to inform its planning, the focus on ORD planning alone
will not be adequate to address science needs for 21st century challenges. As
noted above, the development of strategic, coordinated multiyear agency-wide
science integration plans, overseen by enhanced science leadership empowered
by the administrator, are critical for the agency to coordinate and deliver science
in and outside of the agency more effectively in the future. Such integrated plans
would also assist the agency in determining where resources outside the agency
may be used.

STRENGTHENING SCIENCE CAPACITY

Science flourishes where scientists flourish, and scientists flourish where
they have opportunities to work on interesting, challenging problems, interact
synergistically with colleagues, have an impact, and earn recognition for their
work. In seeking to strengthen its science capacity, EPA needs to attend to the
structure of its research operations; to attract, retain, and develop scientific talent
within the agency; to contribute to environmental-education efforts to build the
talent pool for the future; to support science outside the agency; and to ensure
that science is conducted with the utmost integrity. Those points are addressed
below.

Enhancing Expertise in the US Environmental Protection Agency

As discussed in Chapters 2 and 3, EPA will need to continue to be pre-
pared to address a wide array of environmental and health challenges and their
complex interactions. In some cases, the agency will need to advance scientific
understanding through inhouse research efforts; in others, it will need to assimi-
late and influence scientific efforts that are undertaken elsewhere. Strategic
workforce planning when hiring new staff will help to ensure that EPA has ex-
pertise it needs in critical fields. Equally important, EPA should carefully attend
to the challenge of continuing science education to ensure that scientists are pro-
ductive throughout their careers even as the pace of change in scientific tools,
techniques, and challenges increases.



Enhanced Scientific Leadership and Capacity in EPA 171

Building and enhancing capacity of young scientists to be innovators, col-
laborators, and systems thinkers with a transdisciplinary perspective will require
strong leadership, flexibility, and coordination. Given that a large percentage of
EPA scientists in ORD and other program offices are near retirement, it is criti-
cal for the agency to recruit a new generation of scientists who are well versed
in emerging tools (discussed in Chapter 3 and Appendixes C and D) and in
cross-disciplinary collaboration and who have been mentored by current scien-
tists. Mentoring will allow younger scientists to gain an understanding of years
of research and regulatory science from older scientists. One specific example is
in the field of statistics. Senior statisticians are important in EPA because they
have the knowledge and experience to mentor inhouse junior statisticians and
scientists, facilitate inhouse data analytic work, steer the agency to secure ap-
propriate expert support from outside, and ensure the quality of agency’s statis-
tical work. The best type of person to fill this senior position not only has ad-
vanced statistical expertise, but also has substantive knowledge in other fields
and substantial teamwork experience.

To develop career paths and increase productivity of its newer scientists,
EPA needs to be vigilant in engaging them and fostering their professional de-
velopment. The committee supports ORD’s efforts to clarify requirements for
promotion of scientists and engineers to senior levels (Anastas 2011). The pro-
motion criteria require substantial achievement that displays high scientific qual-
ity, relevance to EPA’s mission, and impacts on decision-making. As is typical
of expectations in most academic institutions, scientists and engineers seeking
promotion to the GS-14 level are expected to be nationally recognized for their
contributions and those seeking promotion to GS-15 to have international recog-
nition. ORD’s promotion criteria now highlight expectations for transdiscipli-
nary research, teamwork, and leadership (Anastas 2011).

EPA also needs larger and more senior cadres of scientists in fields in
which it wants to play a strong leading role among federal agencies (NRC
2010a). In a recent example, EPA’s National Center for Computational Toxicol-
ogy (NCCT) was established to address the lack of toxicity data on the many
chemicals that are on the market and to do so in an efficient and cost-effective
manner (see Chapter 3 and Appendix C for more information about EPA’s com-
putational toxicology program). Buoyed by the guidance and affirmation it re-
ceived from Toxicity Testing in the 21st Century (NRC 2007), ORD and NCCT
leadership set an ambitious path to address their charge. In its first 5 years, the
center has been able to break boundaries and build transdisciplinary collabora-
tions with other federal partners and the private sector both in the United States
and internationally. The science generated through the center’s collaborations
has created momentum around computational toxicology research and influ-
enced research investments by other agencies and organizations, including the
chemical industry.

Optimizing resources, creating and benefiting from scientific exchange
zones, and leading innovation through transdisciplinary collaborations to ad-
dress the many challenges described in Chapter 2 will require forward-thinking
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and resourceful scientific leadership at various levels in the agency. This in-
cludes EPA using all of its authority effectively, including pursuing permanent
Title 42 authority, to recruit, hire, and retain the high-level science and engineer-
ing leaders that it needs to maintain a strong inhouse research program (NRC
2010a). It will also mean maintaining a critical mass of world-class experts who
have the ability to identify and access the necessary science inside or outside
EPA and to work collaboratively with researchers in other agencies.

Finding: Expertise in traditional scientific disciplines—including but not lim-
ited to statistics, chemistry, economics, environmental engineering, ecology,
toxicology, epidemiology, exposure science, and risk assessment—are essential
for addressing the challenges of today and the future. The case of statistics is
one example where the agency is facing significant retirements and needs to
have, if anything, enhanced expertise." EPA is currently attuned to these needs,
but staffing high-quality scientists in these areas of expertise who can embrace
problems by drawing from information across disciplines will require continued
attention if EPA is to maintain its leadership role in environmental science and
technology.

Recommendation: EPA should continue to cultivate a scientific workforce
across the agency (including ORD, program offices, and regions) that can
take on transdisciplinary challenges.

The committee recognizes that EPA already provides many unique oppor-
tunities to engage in high quality, collaborative, and interdisciplinary research.
However, EPA can continue to build its capacity by cultivating a scientific
workforce across the agency (including ORD, program offices, and regions) that
can take on transdisciplinary challenges. Some options that EPA might explore
to fulfill the recommendation above include:

e Build a stronger mentoring and leadership development program that
supports young researchers and fosters the culture of systems-thinking research.

e Recruit young scientists who have expertise and interest in scientific
concepts and tools relevant to systems thinking.

e Promote rotations through its laboratories and through the laboratories
of other federal agencies and scientific organizations as valuable training experi-
ences for new scientists in the areas of environmental health, science, and engi-
neering.

'ORD currently has 12 epidemiologists, 31 statisticians (mathematical or research),
and 8 biologic and health statisticians (E. Struble, EPA, personal communication, July
13, 2012). These job titles typically require a certain amount of statistics course work and
do not fully reflect statistical expertise across the entire agency. There are staff members
with other job titles who also fulfill the data analysis role.
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e Expand opportunities for internal networking, including opportunities
for scientists and engineers to work between programs and offices.

e Encourage scientists and engineers to work in interdisciplinary teams
and in new ways to provide information in a timely fashion.

e Implement programs to help scientists and engineers to acquire new
skills and expertise throughout their careers, including educational opportunities,
sabbaticals and other kinds of leave, and laboratory rotations.

e Provide opportunities for agency scientists to interact with colleagues
in other agencies, in universities, in non-profit organizations, and in the private
sector; such opportunities could include workshops, roundtables, participation in
traditional research conferences, and longer-term exchanges with or as visiting
scientists.

e Promote the visibility and recognition of scientific excellence across
its divisions, programs, and locations by enhancing and highlighting its featured
research and awards programs.

e Assess its current policies for retaining and hiring civil service em-
ployees. The agency should be nimble and should be able to easily hire or reas-
sign employees to make sure it has specific expertise to understand emerging
challenges and make use of new tools, technologies, and approaches in the ap-
propriate offices, regions, and laboratories at the appropriate time.

There are several fields in which EPA lacks expertise and in which in-
vestments in additional expertise could provide substantial benefits to the
agency and its mission. One key recognized need is for social, behavioral, and
decision scientists. EPA’s economic, social, behavioral, and decision science
staff consists almost entirely of economists. The agency is without strong exper-
tise in social, behavioral, and decision sciences, though it does support some
research in these areas through the Science to Achieve Results (STAR) program
and procures economics research from contractors. Social research in EPA was
historically funded by ORD (NRC 2000). In 2008, the economics and decision
science extramural research program was transferred to NCEE (EPA SAB
2011). As part of the reorganization, decision sciences were eliminated alto-
gether (EPA SAB 2011). Economics has remained a low priority (EPA SAB
2011) and the economics staff (about 100 economists) is a very small fraction of
the agency’s professional staff (EPA, unpublished material, 2012%).

The small representation of economics expertise and the virtual nonexis-
tence of behavioral and decision scientists (nine social scientists, four psycholo-
gists, and one sociologist; 3[P. Vaughn, EPA, personal communication, July 13,

The unpublished data was received from M. Bender, EPA, on July 13, 2012, as part
of a data request made on behalf of the Committee on Science for EPA’s Future. This
material is available by contacting the Public Access Records Office of the National
Academies.

*In addition to psychologists and sociologists, NCEE acknowledged that it was lack-
ing expertise in behavioral economics and is pursuing the hiring of new staff in that field.
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2012] in the professional staff are matters of concern, given EPA’s ever-present
and increasing need to defend programs and initiatives on economic grounds, its
concerns for environmental justice and community engagement in environ-
mental decision-making, and its goal of becoming more transdisciplinary. In
addition, and as noted above, economic, social, behavioral, and decision sci-
ences can make important contributions to improving environmental policy de-
cisions within the emerging integrated systems-based approach to environmental
management and contributions to innovation in strategies for achieving envi-
ronmental goals efficiently, equitably, and cooperatively. The importance of
behavioral science to the conduct of environmental economics research, includ-
ing environmental valuation, has been well established and has led to consider-
able research on the integration of behavioral sciences with environmental eco-
nomics (Sent 2004; Shogren and Taylor 2008; Shogren et al. 2010).

In particular, behavioral and decision science deals with such issues as
“framing effects” and the role of cognitive heuristics (see, for example, Kahneman
et al. 1982). It provides the intellectual basis of modern methods of risk communi-
cation (see, for example, Morgan et al. 2002), and its insights and ideas should
constitute a key complement of economics and decision analysis in such contexts
as the design and assessment of the likely effectiveness of alternative regulatory
strategies (Fischbeck and Farrow 2001). Those insights often arise from extensive
experimental studies in both laboratory and field settings. Without staff in EPA
who are experts in those subjects, not only can the agency not conduct such stud-
ies, but often it does not know how to ask the right questions or how to seek the
right expertise and advice. That is unfortunate—social, behavioral, and decision
sciences are essential in the design of survey research, the development of meth-
ods in expert elicitation to characterize the state of uncertain science (EPA 2009a),
the development and evaluation of risk-communication methods, the development
and use of mediation and other group-decision processes, the promotion of a vari-
ety of environmentally benign behaviors, and the anticipation of behavioral re-
sponses to alterative regulatory and other protective strategies. EPA needs to have
staff with sufficient expertise or cross-disciplinary training to allow it to become
an educated consumer of social, behavioral, and decisions sciences and to engage
more effectively with external entities to conduct innovative science.

Finding: EPA’s economic, social, behavioral, and decision science staff consists
almost entirely of economists. The agency is without strong expertise in social,
behavioral, and decision sciences, though it does support some research in these
areas through outside grants, collaborations, and procurement.

Recommendation: The committee recommends that EPA add staff who
have training in behavioral and decision sciences and find ways to enhance

the existing staff capabilities in these fields.

Options that EPA might explore to fulfill that recommendation include:
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e Recruit several new staff who have earned advanced degrees in em-
pirically-based behavioral and decision science. The new staff would need to
have strong communication skills and would need to work with economists,
natural scientists, and engineers in the agency to help to make regulatory and
other agency policies that promote environmentally protective behaviors and
that are more realistic. Their knowledge would assist the agency by helping it to
make more informed choices in seeking outside contractors and advisers and to
create stronger collaboration with academics in related fields. The committee
suggests that the new staff be located within NCEE. The reason for that sugges-
tion is that NCEE currently staffs the largest number of social scientists within
the agency. The large interest in behavioral and decision sciences that exists
now in economics broadly, as exhibited by the fields of behavioral and neu-
roeconomics, will contribute to making NCEE a productive location. More im-
portantly, behavioral economics is an essential source of new insight in envi-
ronmental economics research pertaining to the benefits of environmental
protection and the design of incentives for environmental management. Co-
locating behavioral scientists within NCEE will increase the capacity of eco-
nomics staff to participate in the advances in environmental economics emerg-
ing from the integration of behavioral economics.

e Provide mechanisms for cross-disciplinary training of staff in core dis-
ciplines relevant to behavioral and decision science. The committee acknowl-
edges that the number of staff in EPA who have advanced training in these fields
is likely to remain modest even with a concerted recruitment effort, and it is
important for staff scientists who work in adjacent disciplines to have enough
familiarity to know what questions to ask (and whom to ask).

e Develop improved mechanisms for integrating economic, social, be-
havioral, and decisions sciences into the development of science to support envi-
ronmental-management decisions.

Using Outside Expertise

EPA often needs to seek expertise and research from sources outside the
agency when science needs cannot be met from within. Sources include other
federal agencies (such as, the Department of Defense, the Department of En-
ergy, the National Oceanic and Atmospheric Administration, and the US De-
partment of Agriculture), government research organizations (such as the Na-
tional Institute of Environmental Health Sciences), industrial research initiatives,
universities, consultants, state and local governments, and nongovernment or-
ganizations (EPA SAB 2011). The international community is also a good re-
source for EPA, as there is a lot of high-quality environmental and human health
research undertaken in Europe, Asia, and elsewhere. International collaboration
is particularly important considering products and processes are becoming more
global and considering many environmental problems, such as the transport of
pollutants, are global in nature.
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Strategic collaborations with other agencies and scientific institutions will
be critical if EPA is to access the breadth of expertise necessary to address 21st
century environmental challenges. For example, chemical and pesticide regula-
tions are informed by hazard data derived from animal toxicologic studies. But
as epidemiologic and biomonitoring studies generate more information that is
relevant to risk assessment, a broader array of expertise will be required to inter-
pret the new types of data and weigh their evidence relative to the more preva-
lent toxicologic data. EPA needs to have sufficient internal expertise and critical
mass in epidemiology, biostatistics, and population-based research. However,
rather than house large teams of epidemiologists and biostatisticians among its
experts, EPA could build collaborative networks with the National Institute of
Environmental Health Sciences and other agencies to undertake assessments. In
fields in which it is unrealistic to have sufficient inhouse capacity, existing sci-
entific staff at EPA will need to have adequate cross-disciplinary awareness to
ask the right questions and identify appropriate collaborators. For example, if
statistical expertise is needed from an outside source, the contractor or subcon-
tractor that is hired should have adequate expertise in statistics (such as a PhD)
to successfully meet EPA’s needs.

Building New Expertise Through Education

The future of EPA’s scientific enterprise depends on having a diverse
body of capable and committed scientists and engineers to work in EPA and in
research positions in other government agencies, academe, the nonprofit sector,
and the private sector. Future scientists and engineers should understand the
complex nature of environmental challenges and the transdisciplinary needs and
opportunities for solutions. Furthermore, to achieve its mission of protecting
human health and the environment, the agency will need to play a role in help-
ing to educate and engage the public. Public understanding and engagement are
especially critical in EPA’s efforts to achieve its aims by using nonregulatory
approaches and in building ongoing support for the environmental science and
engineering and protection efforts of the agency. Among other needs, the agency
will need to educate stakeholders and the public about new scientific concepts
and approaches that it develops or adopts, and to provide training for potential
users of new tools and technologies. EPA has numerous valuable programs that
are designed to increase the pipeline of future environmental engineers and sci-
entists and to expand and improve environmental education more broadly. Early
environmental education is important in creating champions for environmental
protection and innovation in new science and technology who can work in the
agency in the future.

The National Environmental Education Act of 1990 simultaneously estab-
lished the Office of Environmental Education (OEE) in EPA and the National
Environmental Education Foundation, a nonprofit corporation meant to leverage
private support. The act authorized environmental-education grants, internship
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and fellowship programs, and the Environmental Education and Training Part-
nership, which has worked to develop standards for environmental education. In
2009, OEE issued an Environmental Education Highlights report (EPA 2009b)
that briefly describes some of the dozens of outreach and education programs
that EPA leads. They include collaborations with schools, the Boys and Girls
Clubs, the Girl Scouts, and the Parent-Teacher Organization to provide educa-
tion and service opportunities focused on energy conservation, water conserva-
tion, recycling, and waste reduction. The Tools for Schools program in the Of-
fice of Air and Radiation has reached more than 60,000 schools with educational
materials, training, and guidance on indoor air quality. The agency collaborates
with the American Meteorological Society to provide training and outreach tools
for broadcast meteorologists on air quality and watershed protection. Between
scientific survey trips, EPA’s ocean survey vessel Bold hosts open houses at
ports of call around the country.

OEE administers the National Network for Environmental Management
Studies fellowships, which were established in 1986 and have supported more
than 1,400 fellows. Network fellows receive support for undergraduate or
graduate studies and work on EPA-supported and EPA-directed research pro-
jects. Students apply in response to requests for applications developed by EPA
staff in Washington, DC, and in regional offices and laboratories around the
country.

ORD also offers critical student support and encouragement through its
People, Prosperity, and the Planet (P3) student grants and design competition, its
Greater Research Opportunities undergraduate fellowship program, and the
STAR graduate fellowship program (EPA 2012c). The Greater Research Oppor-
tunities program offers fellowships to juniors and seniors who are studying in
environment-related fields in colleges and universities that do not receive large
amounts of federal research funding. The fellowships provide academic support
for up 2 years with a summer internship at EPA. The agency plans to award
about $2 million worth of Greater Research Opportunities undergraduate fellow-
ships in 2012 (EPA 2012d). The STAR fellowship program supports master’s
and doctoral students who are working in environment-related fields. Students
competing for STAR grants are required to submit original proposals on EPA-
specified research topics that run the gamut from social sciences to engineering.
More than 1,500 STAR fellowships have been awarded since the program began
in 1995 (EPA 2012c). The P3 program offers grants to teams of college students
who research and design innovative solutions to sustainability challenges (EPA
2012¢). The teams can apply for $15,000 for Phase 1 development grants and up
to $90,000 in Phase 2. Phase 2 grants are awarded at the National Sustainable
Design Exposition in Washington, DC, each April (EPA 2011a).

Delivering Science Outside the Environmental Protection Agency

As state, local, and tribal environmental agency budgets decline, the agen-
cies will rely increasingly on EPA for scientific support. EPA conducts pro-
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grams that are intended to provide and communicate science and tools for deci-
sion-makers and practitioners outside EPA. Several of EPA’s large-scale re-
gional research programs (for example, the Chesapeake Bay, Great Lakes, and
Puget Sound programs) are designed specifically to develop and deliver science
and decision support tools to help environmental authorities outside EPA. ORD
conducts research programs to develop widely applicable decision-support tools.
ORD’s Collaborative Science and Technology Network for Sustainability pro-
vides grants to explore “new approaches to environmental protection that are
systems-oriented, forward-looking, preventive, and collaborative” (EPA 2011b).
The Tribal Science Program supports community-based research in an effort to
improve understanding of the relationship between tribal-specific factors and
health risks posed by toxic substances in the environment (EPA 2011c). Web-
based platforms are essential for delivering science and tools to state, local,
tribal, and other non-EPA practitioners, and EPA has made an effort to take ad-
vantage of such platforms, such as the Health and Environmental Research
Online (HERO) system (see below).

INTEGRITY, ETHICS, AND TRANSPARENCY IN
THE US ENVIRONMENTAL PROTECTION AGENCY’S
PRODUCTION AND USE OF SCIENTIFIC INFORMATION

Since its founding, EPA has been challenged by the need to use the best
available scientific information in developing policy and regulations. Critics of
EPA’s regulations (as either too lax or too stringent) have sometimes charged
that valid scientific information was ignored or suppressed, or that the scientific
basis of a regulation was not adequate. EPA’s best defense against those criti-
cisms is to ensure that it transparently distinguishes between questions of sci-
ence and questions of policy in its regulatory decisions; to demand openness and
access to the scientific data and information on which it is relying, whether gen-
erated in or outside of the agency; and to use competent, balanced, objective,
and transparent procedures for selecting and weighing scientific studies, for en-
suring study quality, and for peer review.

Distinguishing Science Questions from Policy Questions

In a memorandum on scientific integrity issued on March 9, 2009, Presi-
dent Obama declared that “political officials should not suppress or alter scien-
tific or technologic findings and conclusions” (The White House 2009). After
the president’s directive, EPA administrator Lisa Jackson stated in a memo is-
sued on May 9, 2009, that

while the laws that EPA implements leave room for policy judgments, the
scientific findings on which these judgments are based should be arrived
at independently using well-established scientific methods, including peer
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review, to ensure rigor, accuracy, and impartiality. This means that poli-
cymakers must respect the expertise and independence of the Agency’s ca-
reer scientists and independent advisors while insisting that the Agency’s
scientific processes meet the highest standards of rigor, quality, and integ-
rity (Jackson 2009).

The Bipartisan Policy Center (2009) has recommended that the best means
for regulators to reduce opportunities for inappropriate political intervention in
scientific judgments and to avoid the perception that politicization of science
had occurred is to distinguish clearly between science and policy questions in
formal regulatory documents. EPA has done that well in recent reviews of the
National Ambient Air Quality Standards, which separate the review of scientific
information on health and welfare effects presented in its integrated science as-
sessments from the policy-assessment documents that draw on the scientific
information. Contining to promote that approach will support the distinction
between science questions and policy questions and conducting periodic audits
of rulemaking documents will help to ensure compliance with the distinctions.
Given the uncertainties surrounding many complex environmental problems, it
is important for the agency to be transparent about types of uncertainties in-
volved in its assessments and to be clear about how both science and policy con-
siderations inform ultimate decisions.

Increased Access to Scientific Information

One of the key elements of ensuring the credibility of science used in de-
cision-making is maintaining the highest level of transparency, and making sci-
entific information used in EPA decisions easily accessible, as much as possible,
to all parties who are interested. That access includes

o Access to the full array of published scientific evidence. One example
of important progress has been the recent development by EPA of a searchable
electronic database, the HERO system, to give its own staff full access to the
emerging scientific literature and give the public access to a searchable on-line
database of citations of all studies reviewed in support of its regulations. This is
a valuable tool that should continue to have support.

e Access to data. When regulatory stakeholders have legitimate interest
in examining the data that underlie reported results, access to published articles
or reports is not sufficient. Since the late 1990s, the Data Access Act (or Shelby
Amendment) has required that recipients of federal research funding provide
their research data to requesting parties if the federal government has used their
research findings in developing regulations and the data are later requested un-
der the Freedom of Information Act (OMB Circular A-110). That requirement
allows requesting parties the opportunity to inspect and reanalyze data that were
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used to support regulations. The Office of Management and Budget (OMB) cir-
cular that contains the requirement exempts preliminary analyses, drafts of pa-
pers, plans for future research, peer reviews, and communications with col-
leagues. It also exempts trade secrets, commercial information, and information
that must be withheld to protect the privacy of research subjects. The Data Ac-
cess Act is consistent with an interest in providing greater access to scientific
information that underlies regulatory efforts but is limited in applying only to
federally funded research (Wagner 2003; Wagner and Michaels 2004). It would
be useful to extend requirements for data access to privately supported research
that is submitted for regulatory purposes. As with publicly supported research,
exemptions could be provided as necessary to protect the privacy of research
subjects and legitimate proprietary interests.

e Access to EPA internal research. Concerns about access apply not
only to externally sourced scientific information but to research data and find-
ings that are developed through EPA’s internal research programs (Grifo 2009).
Publication of EPA science not only helps to bolster the agency’s influence, it
also provides legitimacy in the scientific community. EPA needs to encourage
its own scientists to communicate and publish their results and to do so in a
timely manner. Institutional barriers to the publication of results, particularly
bureaucratic delays related to internal approvals and concerns about policy im-
plications, should be addressed.

Ensuring the Quality of Scientific Information

In rule-making processes that rely on extensive reviews of scientific in-
formation, EPA generally imposes a strong preference for reliance on published,
peer-reviewed studies. The agency’s peer review policy states that “peer review
of all scientific and technical information that is intended to inform or support
Agency decisions is encouraged and expected” (EPA 2006). The OMB Final
Information Quality Bulletin for Peer Review (OMB 2004) and EPA’s internal
Peer Review Handbook (EPA 2000) guide the peer-review process for internally
generated scientific studies and tools. However, when EPA needs to go beyond
peer-reviewed literature to fill information gaps, it may need to be more active
in initiating external peer review to ensure that the identified externally gener-
ated information is reliable and to provide quality assurance for stakeholders.

EPA has used advisory groups both to review scientific research and to
provide advice and expertise from outside the agency. For example, EPA’s Na-
tional Advisory Council for Environmental Policy and Technology (NACEPT)
was established in 1988 to use environmental-policy expertise outside the
agency. The advisory council is an independent group of experts that has pro-
vided advice to EPA on a broad variety of topics, including workforce capacity,
strategic planning, promotion of environmental stewardship, and strategies for
improving access to environmental information (EPA 2012d). Various other
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advisory committees, established under the Federal Advisory Committee Act,
provide scientific advice on such issues as environmental justice and children’s
environmental health. A 2009 review of EPA’s Office of Cooperative Environ-
mental Management found that although committees like NACEPT were useful
tools for the agency, there was a lack of coordination between other committees
and agency advisory boards, such as SAB and BOSC (EPA 2009c). External
advisory groups—including SAB, BOSC, and NACEPT—play an important
role in helping EPA to ensure the credibility and quality of its scientific studies
and science-based decisions. They will remain a valuable resource for the
agency assuming the members of these bodies continue to be chosen based on
the virtue of their expertise and experience and are appropriately tasked with
providing advice that falls within the purview of scientific experts.

Even when the underlying science meets the highest standards of quality
and integrity, judgment is used to select and weigh studies that will be used for
decision-making. EPA has developed various guidelines to weigh studies and
evaluate science, such as guidelines developed in response to sections 108 and
109 of the Clean Air Act. However, EPA has sometimes been criticized for its
failure to describe clearly its criteria and methods to identify, evaluate, and
weigh scientific studies. For example, National Research Council (NRC) reports
over the last decade have evaluated health assessments developed for EPA’s
Integrated Risk Information System (IRIS) and indicated a need to improve
formal, evidence-based approaches to increase transparency and clarity for se-
lecting datasets for analysis, and to focus more on uncertainty and variability
(NRC 2005, 2006, 2010b).

Many of the above observations were reflected in the Review of the Envi-
ronmental Protection Agency’s Draft IRIS Assessment of Formaldehyde (NRC
2011). In its review, the authoring committee of that report noted a lack of clar-
ity and transparency in the methods used to assess the health effects of formal-
dehyde. Specifically, that committee found the assessment did not contain “suf-
ficient documentation on methods and criteria for identifying evidence from
epidemiologic and experimental studies, for critically evaluating individual stud-
ies, for assessing the weight of evidence, and for selecting studies for derivation
of the [reference concentrations] and unit risk estimates” (NRC 2011). The re-
port made several recommendations that were specific to improving the formal-
dehyde IRIS assessment, but also provided some suggestions for improving the
IRIS process.

Deficiencies in EPA’s IRIS assessments have resulted in some critics cast-
ing doubt on the science used to support agency decisions. EPA is aware of
those stakeholder criticisms and of the problems identified by the NRC (2005,
2006, 2010b, 2011), and it has announced improvements in the IRIS assess-
ments that will be reviewed by the recently assembled NRC Committee to Re-
view the IRIS Process. This example illustrates the need for formal evidence-
based approaches that are clearly documented and well-reviewed; they can be
protective of EPA’s science-informed policies.
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STRENGTHENING SCIENCE IN A TIME OF TIGHT BUDGETS

This report has stressed the importance of sustaining and strengthening
EPA’s present programs of scientific research, applications, and data collection
while identifying and pursuing a wide array of new scientific opportunities and
challenges. Both are needed to address the complexity of modern problems and
both are essential to the agency if it is to continue to provide scientific leader-
ship and high-quality science-based regulation in the years to come.

Specific recommendations related to agency budgets are outside the scope
of this study, but the committee feels compelled to note, as did the report Sci-
ence Advisory Board Comments on the President’s Requested FY2013 Research
Budget (EPA SAB 2012a), that since 2004, the budget for ORD has declined
28.5% in real-dollar terms (gross domestic product—indexed dollars). The reduc-
tions have been even greater in a number of specific fields, such as ecosystem
research and pollution prevention.

Finding: If EPA is to provide scientific leadership and high-quality science-
based regulation in the coming decades, it will need adequate resources to do so.
Some of the committee’s recommendations, if followed, will allow EPA to ad-
dress its scientific needs with greater efficiency. But the agency cannot continue
to provide leadership, pursue many new needs and opportunities, and lay the
foundation for ensuring future health and environmental safety unless the long-
term budgetary trend is reversed.

Recommendation: The committee recommends EPA create a process to set
priorities for improving the quality of its scientific endeavors over the com-
ing decades. This process should recognize the inevitably limited resources
while clearly articulating the level of resources required for the agency to
continue to ensure the future health and safety of humans and ecosystems.

SUMMARY

It is clear that if EPA is to meet current, persistent, and future challenges
and is to succeed in applying systems thinking throughout its scientific enter-
prise, it will have to continue to enhance its scientific capacity and improve co-
ordination of science throughout the agency. In this chapter, the committee has
described how EPA can enhance its agency-wide science leadership, take steps
to continue the realignment of ORD to advance transdisciplinary research and
support the agency’s strategic goals, strengthen internal scientific capacity and
ties to the larger environmental science and engineering research community,
and ensure the integrity of the scientific information the agency generates or
uses.



Enhanced Scientific Leadership and Capacity in EPA 183

REFERENCES

Anastas, P. 2011. Technical Qualifications Board (TQB) Policy-Supplemental Guidance.
Memorandum to Laboratory Directors and Center Directors, from Paul Anastas,
Assistant Administrator for Research and Development, US Environmental Protec-
tion Agency, Washington, DC. June 9, 2011. Attachment: Additional Guidance for
Promotion of ORD Scientists and Engineers in Research, Development, and Ex-
pert Positions, May 2010.

EPA (US Environmental Protection Agency). 1992. Safeguarding the Future: Credible
Science, Credible Decisions: The Report of the Expert Panel of the Role of Sci-
ence at EPA. EPA/600/9-91-050. US Environmental Protection Agency, Washing-
ton, DC. March 1992.

EPA (US Environmental Protection Agency). 2000. Peer Review Handbook. EPA 100-B-
00-001. Office of Science Policy, Office of Research and Development, Washing-
ton, DC [online]. Available: http://www.epa.gov/peerreview/pdfs/prhandbk.pdf
[accessed Apr. 18, 2012].

EPA (US Environmental Protection Agency). 2006. Peer Review and Peer Involvement
in the US EPA [online]. Available: http://www.epa.gov/peerreview/pdfs/peer _re
view_policy and_memo.pdf [accessed Apr. 12, 2012].

EPA (US Environmental Protection Agency). 2008. Smart Energy Resources Guide.
EPA/600/R-08/049. US Environmental Protection Agency [online]. Available:
http://www.artal.com/cms/uploads/Smart%20Energy%20Resource%20Guide.pdf
[accessed Apr. 19, 2012].

EPA (US Environmental Protection Agency). 2009a. Expert Elicitation Task Force White
Paper, Draft. Science Policy Council, US Environmental Protection Agency,
Washington, DC. January 6, 2009 [online]. Available: http://www.epa.gov/osa/
pdfs/elicitation/Expert Elicitation White Paper-January 06 _2009.pdf [accessed
Apr. 12,2012].

EPA (US Environmental Protection Agency). 2009b. Environmental Education High-
lights. US Environmental Protection Agency [online]. Available: http://www.epa.
gov/enviroed/pdf/2009 _EEHighlights.pdf [accessed Apr. 12, 2012].

EPA (US Environmental Protection Agency). 2009¢c. 20 Years of Shaping Environmental
Policy at EPA. EPA 130-R-09- 003. Office of Cooperative Environment Manage-
ment, US Environmental Protection Agency [online]. Available: http://nepis.epa.
gov/Adobe/PDF/500025SF.PDF [accessed Apr. 12, 2012].

EPA (US Environmental Protection Agency). 2011a. Funding Opportunities. Extramural
Research, US Environmental Protection Agency [online]. Available: http:/www.
epa.gov/ncer/rfa/2012/2012_p3.html [accessed Apr. 19, 2012].

EPA (US Environmental Protection Agency). 2011b. Collaborative Science and Tech-
nology Network for Sustainability (CNS), Extramural Research, US Environ-
mental Protection Agency [online]. Available: http://epa.gov/ncer/cns/ [accessed
Apr. 19, 2012].

EPA (US Environmental protection Agency). 2011c. Collaborative Community and Re-
gional Programs. US Environmental Protection Agency [online]. Available: http://
epa.gov/ncer/cns/programs.html [accessed Apr. 19, 2012].

EPA (US Environmental Protection Agency). 2012a. Science Policy. US Environmental
Protection Agency [online]. Available: http://www.epa.gov/osp/[accessed Apr. 19,
2012].



184 Science For Environmental Protection: The Road Ahead

EPA (US Environmental Protection Agency). 2012b. Regional Methods (RM) Program.
US Environmental Protection Agency [online]. Available: http://www.epa.gov/
osp/regions/rm.htm [accessed Apr. 18, 2012].

EPA (US Environmental Protection Agency). 2012c. Fellowships. Extramural Research,
US Environmental Protection Agency [online]. Available: http://www.epa.gov/nc
er/fellow/ [accessed Apr. 18, 2012].

EPA (US Environmental Protection Agency). 2012d. Fall 2012 EPA Greater Research
Opportunities (GRO) Fellowships for Undergraduate Environmental Study.
Greater Research Opportunities (GRO) Program, Office of Research and Devel-
opment, US Environmental Protection Agency[online]. Available: http://www.epa.
gov/ncer/rfa/2012/2012_gro_undergrad.html [accessed May 17, 2012].

EPA (US Environmental Protection Agency). 2012e. P3: People, Prosperity and the
Planet Student Design Competition for Sustainability. US Environmental Protec-
tion Agency [online]. Available: http://www.epa.gov/ncer/p3/ [accessed Apr. 18,
2012].

EPA SAB (US Environmental Protection Agency Science Advisory Board). 2010. Office of
Research and Development Strategic Research Directions and Integrated Transdici-
plinary Research. EPA-SAB-10-010. Memo to Lisa P. Jackson, Administrator, US
Environmental Protection Agency, from Deborah L. Swackhamer, Chair, Science
Advisory Board, US Environmental Protection Agency, Washington, DC. July 8§,
2010 [online]. Awvailable: http://yosemite.epa.gov/sab/sabproduct.nsf/E989ECFC1
25966428525775B0047BE1A/$File/EPA-SAB-10-010-unsigned.pdf [accessed Apr.
13,2012].

EPA SAB (US Environmental Protection Agency Science Advisory Board). 2011. Sci-
ence Advisory Board Comments on The President’s Requested FY 2012 Research
Budget. EPA-SAB-11-007. Memo to Lisa P. Jackson, Administrator, from Deb-
orah L. Swackhamer, Chair, Science Advisory Board, and Jerold Schnoor, Chair,
SAB Research Budget Work Group, US Environmental protection Agency, Wash-
ington, DC. June 2, 2011 [online]. Available: http://yosemite.epa.gov/sab/sabprod
uct.nsf/c91996cd39a821648525742400690127/9BE9A9I0F43A8DD 1D852578 A30069
D7E5/$File/EPA-SAB-11-007-unsigned.pdf [accessed Apr. 18, 2012].

EPA SAB (US Environmental Protection Agency Science Advisory Board). 2012a. Science
Advisory Board Comments on the President’s Requested FY 2013 Research Budget,
May 3, 2012. Science Advisory Board, US Environmental Protection Agency, Wash-
ington, DC [online]. Available: http://yosemite.epa.gov/sab/sabproduct.nsf/0/1190D
2161DBCAD3B852579F3005FCOCF/$File/EPA-SAB-12-006-unsigned-SS.pdf [ac-
cessed Aug. 16, 2012].

EPA SAB (US Environmental Protection Agency Science Advisory Board). 2012b. Sci-
ence Integration for Decision Making at the US Environmental Protection
Agency(EPA). Final Report, July 6, 2012. Science Advisory Board, US Environ-
mental Protection Agency, Washington, DC [online]. Available: http://yosemite.
epa.gov/sab/sabproduct.nsf/fedrgstr_activites/SAA27AA419B1D41385257A33006
4A479/$File/EPA-SAB-12-008-unsigned.pdf [accessed July 22, 2012].

EPA SAB/BOSC (US Environmental Protection Agency Science Advisory, and Board
and Board of Scientific Counselors). 2011. Office of Research and Development
(ORD) New Strategic Research Directions: A Joint Report of the Science Advi-
sory Board (SAB) and ORD Board of Scientific Councilors (BOSC). EPA-SAB-
12-001. Science Advisory Board, and Board of Scientific Councilors US Environ-
mental Protection Agency, Washington, DC. October 21, 2011[online]. Available:
http://www.epa.gov/osp/bosc/pdf/StratResDir1 1102 1rpt.pdf [accessed Apr. 13, 2012].



Enhanced Scientific Leadership and Capacity in EPA 185

Fischbeck, P.S., and R.S. Farrow, eds. 2001. Improving Regulation: Cases in Environ-
ment, Health, and Safety. Washington, DC: Resources for the Future.

GAO (US Government Accountability Office). 2011. Environmental Protection Agency:
To Better Fulfil It’s Mission, EPA Needs a More Coordinated Approach to Man-
aging its Laboratories. July 2011. GAO-11-347. Washington, DC: US Government
Accountability Office [online]. Available: http://www.gao.gov/assets/330/321850.pdf
[accessed April 13, 2012].

Grifo, F. 2009. Testimony of Francesca T. Grifo, Senior Scientist with the Union of Con-
cerned Scientists, Director of the Scientific Integrity Program Before the US Sen-
ate Committee on Environment and Public Works “Scientific Integrity and Trans-
parency Reforms at the EPA”, June 9, 2009 [online]. Available: http://www.ucsusa.
org/scientific_integrity/solutions/agency-specific_solutions/ucs-testimony-to-senate-
June-2009.html [accessed Apr. 18, 2012].

Jackson, L.P. 2009. Scientific Integrity. Memo to all EPA Employees, from Lisa P. Jack-
son, Administrator, US Environmental Protection Agency, Washington, DC. May
9, 2009 [online]. Available: http:/blog.epa.gov/administrator/2009/05/12/memo-to-
epa-employees-scientific-integrity/ [accessed Apr. 18, 2012].

Kahneman, D., P. Slovic, and A. Tversky. 1982. Judgment under Uncertainty: Heuristics
and Biases. Cambridge: Cambridge University Press.

Keteles, K. 2011. Science at EPA: A Regional Office Perspective. Presentation to the
Third Meeting on Science for EPA’s Future, August 8, 2011, Washington, DC.

Morgan, M.G., B. Fischhoff, A. Bostrom, and C.J. Atman. 2002. Risk Communication: A
Mental Models Approach. Cambridge: Cambridge University Press.

NRC (National Research Council). 2000. Strengthening Science at the US Environmental
Protection Agency: Research-Management and Peer-Review Practices. Washing-
ton, DC: National Academy Press.

NRC (National Research Council). 2005. Health Implications of Perchlorate Ingestion.
Washington, DC: National Academies Press.

NRC (National Research Council). 2006. Health Risks from Dioxin and Related Com-
pounds: Evaluation of the EPA Reassessment. Washington, DC: National Acad-
emies Press.

NRC (National Research Council). 2007. Toxicity Testing in the 21% Century: A Vision
and a Strategy. Washington, DC: National Academies Press.

NRC (National Research Council). 2010a. The Use of Title 42 Authority at the US Envi-
ronmental Protection Agency: A Letter Report. Washington, DC: National Acad-
emies Press.

NRC (National Research Council). 2010b. Review of the Environmental Protection
Agency’s Draft IRIS Assessment of Tetrachloroethylene. Washington, DC: Na-
tional Academies Press

NRC (National Research Council). 2011. Review of the Environmental Protection
Agency’s Draft IRIS Assessment of Formaldehyde. Washington, DC: National
Academies Press.

OMB (Office of Management and Budget). 2004. Final Information Quality Bulletin for
Peer Review [online]. Available: http://www.whitehouse.gov/sites/default/files/omb/
memoranda/fy2005/m05-03.pdf [accessed Apr. 19, 2012].

Sent, E.M. 2004. Behavioral economics: How psychology made its (limited) way back
into economics. Hist. Polit. Econ. 36(4):735-760.

Shogren, J.F., and L.O. Taylor. 2008. On behavioral-environmental economics. Rev,
Environ. Econ. Policy 2(1):26-44.



186 Science For Environmental Protection: The Road Ahead

Shogren, J.F., G.M. Parkhurst, and P. Banerjee. 2010. Two cheers and a qualm for behav-
ioral environmental economics. Environ. Resour. Econ. 46(2):235-247.

Teichman, K., and P. Anastas. 2011. Science for EPA’s Future: Innovative Thinking,
Creative Solutions. Presentation at the Second Meeting on Science for EPA’s Fu-
ture, June 17, 2011, Washington, DC.

The Bipartisan Policy Center. 2009. Improving the Use of Science in Regulatory Policy.
Science for Policy Project Final report. August 5, 2009 [online]. Available: http://
bipartisanpolicy.org/sites/default/files/BPC%20Science%20Report%20fnl.pdf [ac-
cessed Apr. 18, 2012].

The White House. 2009. Scientific Integrity. Memorandum for the Heads of Executive
Departments and Agencies, from President Obama, May 9, 2009 [online]. Avail-
able: http://www.ucsusa.org/assets/documents/scientific_integrity/President-Obama-
Scientific-Integrity-Memo.pdf [accessed Apr. 19, 2012].

Wagner, W.E 2003. The “bad science” fiction: Reclaiming the debate over the role of sci-
ence in public health and environmental regulation. Law Contemp. Probl. 66(Fall):
63-124.

Wagner, W., and D. Michaels. 2004. Equal treatment for regulatory science: Extending
the controls governing the quality of public research to private research. Am. J.
Law Med. 30(2-4):119-154.



Findings and Recommendations

Since its formation in 1970, the US Environmental Protection Agency
(EPA) has played a leadership role in developing the broad fields of environ-
mental science and engineering. It has stimulated and supported basic and ap-
plied research, developed environmental-education programs, supported re-
gional science initiatives, supported and promoted the development of safer and
more cost-effective technologies, provided a firm scientific basis of regulatory
decisions, and prepared the agency to address emerging environmental prob-
lems. The broad reach of EPA science has also influenced international policies
and guided state and local actions. As a result of EPA’s scientific leadership,
both the nation and the world have made great progress in addressing environ-
mental challenges and improving environmental quality over the last 40 years.

As a regulatory agency, EPA applies much of its resources to implement-
ing complex regulatory statutes that have been established by Congress. That
regulatory mission can engender controversy and place strains on the conduct of
EPA’s scientific work in ways that do not affect most other government science
agencies, such as the National Institutes of Health and the National Science
Foundation (NSF). Amid this inherent tension, EPA generally, and the Office of
Research and Development (ORD) specifically, strive to meet the following
objectives in their research:

e Support the needs of the agency’s present regulatory mandates and
timetables.

o Identify and lay the intellectual foundations that will allow the agency
to address current environmental challenges and challenges that it will face over
the course of the next several decades.

e Determine the main environmental problems on the US environmental-
research landscape.

e Sustain and continually rejuvenate a diverse inhouse scientific research
staff—with the necessary laboratories and field capabilities—to support the
agency in its present and future missions and in its active collaboration with
other agencies.
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o Strike a balance between inhouse and extramural research investment.
The latter can often bring new ideas and methods to the agency, stimulate a flow
of new people into it, and support the continued health of environmental re-
search in the nation.

In the present climate of tight federal budgets, EPA faces the challenge of how
to set priorities and achieve as many of these research objectives as it can within
a limited budget that, in some cases, is shrinking in real terms.

The committee has examined the agency’s capacity to obtain and apply
the best new scientific and technologic tools to meet current and future chal-
lenges. For 4 decades, EPA has been a national and world leader in addressing
the scientific and engineering challenges of protecting the environment and hu-
man health. The agency’s multidisciplinary science workforce of 6,000 is bol-
stered by strong ties to academic research institutions and science advisers rep-
resenting many sectors of the scientific community. A highly competitive
fellowship program also provides a pipeline for future environmental science
and engineering leaders and enables the agency to attract graduates who have
state-of-the-art training.

Thus, the foundation of EPA science is strong. However, the agency needs
to successfully address numerous present and future challenges if it is to main-
tain science leadership and meet its expanding mandates. There is a pressing
need to groom tomorrow’s leaders and prepare for the retirement of large num-
bers of senior scientists (some of whom have been with the agency since it was
created in 1970). As this report has underscored, there is an increased recogni-
tion of the need for cross-disciplinary training and the expansion of the science
base to strengthen capacity in social and information sciences. In addition, EPA
will continue to need leadership in the traditional core subjects, including, but
not limited to, statistics, chemistry, economics, environmental engineering,
ecology, toxicology, epidemiology, exposure science, and risk assessment.
EPA’s future success will depend on its capacity to address long-standing envi-
ronmental problems, to recognize and respond to emerging challenges, to de-
velop solutions, and to meet the scientific needs of policy-makers.

Figure 6-1 presents the committee’s approach for addressing science for
EPA’s future. The following sections elaborate on the issues described above
and bring together the principal findings and recommendations detailed
throughout the report. In assessing the scientific opportunities and needs that the
agency faces, the committee did not consider it appropriate to prioritize where
EPA should invest its limited resources. Such an exercise will require detailed
internal EPA deliberations and administrative guidance. Instead, the committee
has focused on the statement of task, which asked for an assessment of EPA’s
capabilities to develop, obtain, and use new science and technologic information
to meet persistent, emerging, and future challenges.

Most of the committee’s recommendations, which are discussed in Chap-
ters 4 and 5 and summarized in the sections below, are broad and are intended to
help EPA enhance its ability to address environmental problems and their solu-
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tions from a systems perspective and through strengthened leadership, commu-
nication, internal expertise, and internal and external collaboration. The mecha-
nism or mechanisms through which EPA chooses to address the recommenda-
tions will depend on its funding, its priorities, and what environmental science
and engineering areas it wants to focus its efforts on in the future. EPA already
addresses some aspects of the committee’s recommendations to some degree. It
is the committee’s aim that this report will help the agency to choose where to
enhance its ability to integrate its current science and to use new tools and tech-
nologies to address its mission challenges.

SYSTEMS THINKING

It is important for EPA to try to balance its capacity and resources to ad-
dress complex environmental challenges, to address potential favorable and un-
favorable health and environmental effects, and to apply emerging scientific
information, tools, techniques, and technologies. Approaching problems from a
systems perspective will allow EPA to meet those challenges and make the
maximum continuing use of new scientific tools. The committee has suggested
ways in which the agency can integrate systems-thinking techniques into a 21st
century framework for science to inform decisions (see Figure 6-1). That
framework will help EPA to stay at the leading edge of science by encouraging
it to produce science that is anticipatory, innovative, long-term, and collabora-
tive; to evaluate and apply emerging tools for data acquisition, modeling, and
knowledge development; and to develop tools and methods for synthesizing
science, characterizing uncertainties, and integrating, tracking, and assessing the
outcomes of actions. If effectively implemented, the framework would help to
break the silos of the agency and promote collaboration among different media,
time scales, and disciplines. In supporting environmental science and engineer-
ing for the 21st century, there will need to be a move from using science to
characterize risks, to applying science holistically to characterize both problems
and solutions at the earliest possible time. ORD’s move toward embracing sus-
tainability throughout its research program is a positive move in this direction.

Finding: Environmental problems are increasingly interconnected. EPA can no
longer address just one environmental hazard at a time without considering how
that problem interacts with, is influenced by, and influences other aspects of the
environment.

Recommendation 1: The committee recommends that EPA substantially
enhance the integration of systems thinking into its work and enhance its
capacity to apply systems thinking to all aspects of how it approaches com-
plex decisions.
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The following paragraphs provide examples of some of strategies that EPA
could use to help it set its own priorities and to enhance its use of systems think-
ing.

Even if formal quantitative life-cycle assessment (LCA) is not feasible, in-
creased use of a life-cycle perspective would help EPA to assess activities, regu-
latory strategies, and associated environmental consequences. Placing more of a
focus on life-cycling thinking would likely include increasing EPA’s investment
in the development of LCA tools that reflect the most recent knowledge in LCA
and risk assessment (both human health and ecologic). In addition, it may be
more cost effective for EPA to provide incentives and resources to increase col-
laboration between LCA practitioners in the agency and those working on re-
lated analytic tools (such as risk assessment, exposure modeling, alternatives
assessment, and green chemistry). EPA has some internal capacity for LCA, but
could benefit from a more systematic use of such an assessment across the
agency’s mission.

Continuing to invest intramural and extramural resources in cumulative
risk assessment and the underlying multistressor data, including coordinated
bench science and community-based components, would give EPA a broader
and more comprehensive understanding of the complex interactions between
chemicals, humans, and the environment. A challenge before the agency is the
characterization of cumulative effects using complex, incomplete, or missing
data. Even as EPA seeks to improve its understanding of risks, some prevention-
based decisions may need to be made in the face of uncertainty.

In EPA’s science programs, environmental decisions will only be effective
if they consider the social and behavioral contexts in which they will play out.
Such decisions can substantially affect societal interests beyond those that are
specifically environmental. Tradeoffs among environmental and other societal
outcomes need to be anticipated and made explicit if decision-making is to be
fully informed and transparent, and predicting economic and societal responses
at various points in the decision-making process is necessary to achieve desir-
able environmental and societal outcomes. For these reasons, developing
mechanisms to integrate social, economic, behavioral, and decision sciences
would lead to more comprehensive environmental-management decisions. EPA
can engage the social, economic, behavioral, and decision sciences as part of a
systems-science perspective rather than as consumers and evaluators of others’
science. In addition, EPA would benefit from a long-term commitment to ad-
vancing research in a number of related fields, including valuation of health and
ecosystem benefits.

Research centers that focus on synthesis research have demonstrated the
power and cost effectiveness of bringing together multidisciplinary collaborative
groups to integrate and analyze data to generate new scientific knowledge. De-
liberately introducing synthesis research into EPA’s activities would contribute
to accelerating its progress in sustainability science. A specific area where
knowledge from systems thinking could be applied is in the design of safer
chemicals, products, and materials.
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ENHANCED SCIENCE LEADERSHIP

The committee evaluated EPA’s capabilities and the needs that the agency
will face given both large and complex future environmental challenges and the
necessity of identifying, evaluating, and implementing a large number of new
scientific tools in its science and decision-making. Based on that evaluation, it
identified a need to substantially strengthen its science leadership. There has
been progress toward agency-wide science integration with the establishment of
the Office of the Science Advisor, and further progress might be made with the
shift of the science advisor position from within ORD to the Office of the Ad-
ministrator in early 2012; however, the Office of the Science Advisor may need
further authority from the administrator or additional staff resources to continue
to improve the integration and coordination of science across programs and re-
gions throughout the agency. When the committee speaks of enhancing science
leadership, it is not just referring to the strengthened capacity of someone in a
higher-level position within EPA to whom the administrator has provided inde-
pendence, authority, and resources, but also the internal support at all levels in
the agency (including scientists, analysts, directors, and deputy and assistant
administrators) to ensure that the highest-quality science is developed, evalu-
ated, and applied systematically throughout the agency’s programs.

In the committee’s analysis of the strengths and limitations of an enhanced
agency-wide leadership position, it has concluded that successful implementa-
tion of the systems-based application of emerging tools and technologies to meet
persistent and future challenges cannot be achieved under the current structure.
Success will require leadership throughout the agency, in the programs and re-
gions as well as in ORD. There will need to be clear lines of authority and re-
sponsibility, and regional administrators, program assistant administrators, and
staff members at all levels will need to be held accountable for ensuring scien-
tific quality and the integration of individual science activities into broader ef-
forts across the agency.

Finding: The need for improvement in the oversight, coordination, and man-
agement of agency-wide science has been documented in studies by the National
Research Council, the General Accountability Office, and the agency’s own
Science Advisory Board as a serious shortcoming and it remains an obstacle at
EPA. The committee’s own analysis of challenges and opportunities for the
agency indicates the need for integration of systems thinking, and the need for
enhanced leadership at all levels is even stronger than it has been in the past.

Recommendation 2: The committee recommends that the EPA administra-
tor continue to identify ways to substantially enhance the responsibilities of
a person in an agency-wide science leadership position. That person should
hold a senior position, which could be that of a deputy administrator for
science, a chief scientist, or possibly a substantially strengthened version of
the current science advisor position. He or she should have sufficient au-
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thority and staff resources to improve the integration and coordination of
science across the agency. If this enhanced leadership position is to be suc-
cessful, strengthened leadership is needed throughout the agency and the
improved use of science at EPA will need to be carried out by staff at all
levels.

Whatever administrative arrangement is adopted, the following are sug-
gestions of the types of responsibilities that the committee thinks should be as-
sociated with this position:

e Chairing and assuring that the work of the Science and Technology
Policy Council is comprehensive and effective.

e Promotion of systems thinking and systems-oriented tools to address
complex challenges ahead and the integration of this approach into every aspect
of agency science and engineering (as described in Chapter 4).

e Working to ensure that the scientific and technical staff throughout the
agency (including program, regional, and research offices) have the expertise
necessary to perform their duties whether in support of the agency’s research or
in support of its role as a regulatory and policy decision-maker.

e Assuring that the agency has in place a system for quality assurance
and quality control of its scientific and technical work (including a system for
consistent high-quality peer review).

o Assuring that the best available scientific and technical information is
being used to carry out the agency’s mission.

e Working to coordinate research and analytic efforts within and outside
the agency to ensure that the best information is used in the most efficient man-
ner.

e Encouraging and supporting interoffice and interagency science col-
laboration in order to solve problems and develop good solutions.

If the occupant of the position is to be successful, he or she will require
sufficient staff and resources to act on behalf of the EPA administrator to im-
plement a coordinated budget and strategic planning process for the regional,
program, and research offices to ensure that appropriate scientific and technical
expertise and capabilities are available and used. The person in this position
would also oversee the policies and procedures that relate to the operation of the
agency’s federal advisory committees. The committee specifically recom-
mends that the person in this position and his or her staff create, imple-
ment, and periodically update an integrated, agency-wide multiyear plan
for science, its use, and associated research needs. Such a plan would bring
together ORD, program, and regional science initiatives while being cognizant
of the flexibility that is imparted through bottom-up initiatives undertaken in
ORD, the program offices, and the regions.
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The strengthening of science leadership is not without its challenges. For
example, whether or not the position is held by a political appointee could affect
the ability of the person in the position to be effective throughout the agency,
especially with the other political appointees who head the programs that rely on
science (and supervise many of the agency’s scientists). There is also the possi-
bility that new procedures established from the central administration could
serve to discourage innovation in science if not carefully applied. To a certain
extent, the recent EPA decision to re-establish the position of science advisor as
a non-political position distinct from ORD (as had been the case in earlier EPA
administrations) will provide a test of how to overcome some of these chal-
lenges. However, the revised role of the current science advisor does not fully
implement the committee’s recommendation unless that person is empowered
with the tools and support described above. Even with the full support of the
administrator and senior staff, the effort will fail if the need to improve the use
of science in EPA is not accepted by staff at all levels.

STRENGTHENING CAPACITY

Assessing and obtaining the proper scientific expertise within the agency
is necessary to address complex environmental problems facing the nation and
to create and implement solutions. That includes having the expertise to take
advantage of new technologies that will improve the science basis of regulatory
decision-making at the national, state, and local levels. It also includes having
broad interdisciplinary expertise and engaging in collaboration to more effec-
tively evaluate system-level impacts and sustainable solutions. In order to be
prepared to address a wide array of environmental and health challenges and
their complex interactions, EPA will need to continue to ensure that it has exper-
tise in critical fields. In some cases, the agency will need to advance scientific
understanding through inhouse research; in others, it will need to assimilate and
influence scientific efforts that are undertaken elsewhere. However, even as the
agency moves to increase the breadth and depth of its skills in new disciplines,
and especially in light of an aging work force, continued support is needed to
ensure that basic scientific disciplines are strongly represented. In order to have
the capacity to address future environmental challenges, the agency will need to
have enough internal expertise to identify and collaborate with the expertise of
all of its stakeholders so that it can ask the right questions; determine what exist-
ing tools and strategies can be applied to answer those questions; determine the
needs for new tools and strategies; develop, apply, and refine the new tools and
strategies; and use the science to make recommendations based on hazards, ex-
posures, and monitoring.

Finding: EPA has been a leader in environmental science and technology both
nationally and internationally. If it is to retain that leadership in the coming dec-
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ades, it must maintain its expertise in traditional scientific disciplines while en-
hancing the breadth and depth of its skills in new disciplines.

Recommendation 3: The committee recommends that the agency strengthen
its scientific capacity by (a) continuing to cultivate knowledge and expertise
within the agency generally, (b) hiring more behavioral and decision scien-
tists, and (c) engaging mechanisms to draw on scientific research and exper-
tise from outside of the agency.

Within EPA

Addressing the environmental challenges of today and the future requires
forward-thinking and resourceful scientists and engineers. One of the keys to
recruiting and retaining high-quality scientists who can help the agency to main-
tain its leadership role is for the agency to foster an environment where scien-
tists and engineers have opportunities to work on interesting, challenging prob-
lems, interact synergistically with colleagues, have an impact, and earn
recognition for their work. Furthermore, if the agency is going to address the
problems of today and the future from a systems perspective, its scientists and
engineers need to be able to optimize resources, create and benefit from scien-
tific exchange zones, and lead innovation through transdisciplinary collabora-
tions.

Finding: Expertise in traditional scientific disciplines—including, but not lim-
ited to, statistics, chemistry, economics, environmental engineering, ecology,
toxicology, epidemiology, exposure science, and risk assessment—are essential
for addressing the challenges of today and the future. The case of statistics is
one example where the agency is facing significant retirements and needs to
have, if anything, enhanced expertise. EPA is currently attuned to these needs,
but staffing high-quality scientists in these areas of expertise who can embrace
problems by drawing from information across disciplines will require continued
attention if EPA is to maintain its leadership role in environmental science and
technology.

Recommendation 3a: EPA should continue to cultivate a scientific work-
force across the agency (including ORD, program offices, and regions) that
can take on transdisciplinary challenges.

Some options that EPA might explore to fulfill the recommendation above in-
clude:

e Build a stronger mentoring and leadership development program that
supports young researchers and fosters a culture of systems-thinking research.

e Recruit young scientists who have expertise and interest in scientific
concepts and tools relevant to systems thinking and its supporting analytic tools.
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e Promote rotations through its laboratories and through the laboratories
of other federal agencies and scientific organizations as valuable training experi-
ences for new scientists in the areas of environmental health, science, and engi-
neering.

e Expand opportunities for internal networking, including opportunities
for scientists and engineers to work between programs and offices.

e Encourage scientists and engineers to work in interdisciplinary teams
and in new ways to provide expertise where it is needed in a timely fashion.

o Implement programs to help scientists and engineers to acquire new
skills and expertise throughout their careers, including educational opportunities,
sabbaticals, and other kinds of leave, and laboratory rotations.

e Provide opportunities for agency scientists to interact with colleagues
in other agencies, in universities, in nonprofit organizations, and in the private
sector; such opportunities could include workshops, roundtables, participation in
traditional research conferences, and long-term exchanges with or as visiting
scientists.

e Promote the visibility and recognition of scientific excellence across its
divisions, programs, and locations by enhancing and highlighting its featured
research and awards programs.

e Assess its current policies for retaining and hiring civil service employ-
ees. The agency must be nimble and must be able to easily hire or reassign em-
ployees to make sure it has specific expertise to understand emerging challenges
and make use of new tools, technologies, and approaches in the appropriate of-
fices, regions, and laboratories at the appropriate time.

Economic, social, behavioral, and decision sciences can make important
contributions to improving environmental policy decisions within the emerging
integrated systems-based approach to environmental management. They can
also make contributions to supporting innovative strategies for achieving envi-
ronmental goals efficiently, equitably, and cooperatively. Behavioral and deci-
sion sciences are particularly essential in dealing with such issues as “framing
effects”, cognitive heuristics, risk communication, and the design and assess-
ment of the likely effectiveness of alternative regulatory strategies.

Finding: EPA’s economic, social, behavioral, and decision science staff consists
almost entirely of economists. The agency is without strong expertise in social,
behavioral, and decision sciences, though it does support some research in these
areas through outside grants, collaborations, and procurement.

Recommendation 3b: The committee recommends that EPA add staff who
have training in behavioral and decision sciences and find ways to enhance

the existing staff capabilities in these fields.

Options that EPA might explore to fulfill that recommendation include:
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e Recruit several new staff who have earned advanced degrees in empiri-
cally based behavioral and decision sciences. The new staff would need to have
strong communication skills and would need to work closely with economists,
natural scientists, and engineers in the agency to help to make regulatory and
other agency policies that promote environmentally protective behaviors that are
more realistic. Their knowledge would assist the agency by helping it to make
more informed choices when seeking outside contractors and advisers and to
create stronger collaboration with academics in related fields. The committee
suggests that the new staff be located within the National Center for Environ-
mental Economics (NCEE). The reason for that suggestion is that NCEE cur-
rently staffs the largest number of social scientists within the agency. The large
interest in behavioral and decision sciences that exists now in economics
broadly, as exhibited by the fields of behavioral and neuroeconomics, will con-
tribute to making NCEE a productive location. More importantly, behavioral
economics is an essential source of new insight in environmental economics
research pertaining to the benefits of environmental protection and the design of
incentives for environmental management. Co-locating behavioral scientists
within NCEE will increase the capacity of economics staff to participate in the
advances in environmental economics emerging from the integration of behav-
ioral economics.

e Provide mechanisms for cross-disciplinary training of staff in core dis-
ciplines that are relevant to behavioral and decision sciences. The committee
acknowledges that the number of staff in EPA who have advanced training in
these fields is likely to remain modest even with a concerted recruitment effort,
and it is important for staff scientists who work in adjacent disciplines to have
enough familiarity to know what questions to ask (and whom to ask).

e Develop improved mechanisms for integrating economic, social, be-
havioral, and decision science into the development of science to support envi-
ronmental-management decisions.

Outside of EPA

EPA would be well-advised to continue to take advantage of such mecha-
nisms as extramural funding to access the expertise that it needs. One example is
the Science to Achieve Results (STAR) program, which is sponsored by EPA’s
National Center for Environmental Research to support transdisciplinary and
interdisciplinary relationships through interactive and collaborative projects. It
can also access experts through collaborations. Specifically, it could reestablish
the collaborative research program between ORD and the NSF Decision, Risk,
and Management Sciences program. That type of collaboration would allow
EPA to harness the expertise that it needs to make informed judgments in behav-
ioral and social sciences.
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Most of the agency’s science needs will probably continue to be met by
research and collaboration performed through existing means. However, EPA
also has the potential to acquire more information through collaboration with the
public. For example, the explosion of new Internet-based, wireless, and minia-
turized sensing technologies provides an unprecedented opportunity to involve
the public in research and in meeting data-collection needs in ways that were not
possible in the past. The emergence of secure enterprise social networks also
provides a host of opportunities for EPA to greatly enhance internal and external
collaboration. There is potential for the collection of environmental information
and the sorting and analysis of complex data to be accomplished through citizen
science, crowdsourcing, and similar techniques. EPA will need to continue to
follow new and emerging technologies closely and make anticipatory decisions
for adoption where its mission can be addressed in a cost-effective way.

Even if resources were not a major constraint, EPA would still need the
expertise to be able to harness the science, data, information, tools, techniques,
equipment, and expertise available from research being done in other organiza-
tions domestically and internationally. As resources dedicated to research be-
come more limited, tracking, gathering, and using such knowledge becomes
even more essential.

Finding: Research on environmental issues is not confined to EPA. In the
United States, it is spread across a number of federal agencies, national laborato-
ries, and universities and other public-sector and private-sector facilities. There
are also strong programs of environmental research in the public and private
sectors in many other nations.

Recommendation 3c: The committee recommends that EPA improve its
ability to track systematically, to influence, and in some cases to engage in
collaboration with research being done by others in the United States and
internationally.

The committee suggests the following mechanisms for approaching the
recommendation above:

o Identify knowledge that can inform and support the agency’s current
regulatory agenda.

o Institute strategies to connect that knowledge to those in the agency
who most need it to carry out the agency’s mission.

o Inform other federal and nonfederal research programs about the sci-
ence base that the agency currently needs or believes that it will need to execute
its mission.

e Seek early identification of new and emerging environmental problems
with which the agency may have to deal.



Findings and Recommendations 199

SCIENCE, TOOLS, AND TECHNOLOGIES TO ADDRESS
CURRENT AND FUTURE CHALLENGES

As with all of science and engineering, the fields of environmental science
and technology continue to evolve. Tools and methods are becoming more pow-
erful and sophisticated. In Chapter 3, the committee identified some examples of
tools and technologies that have helped and will continue to help EPA to address
challenges that are relevant to its mission. As mentioned at the beginning of this
chapter, the committee was not asked to and did not attempt to prioritize specific
tools and technologies that EPA should invest in for the future. Those decisions
will need to be made by EPA based on factors such as where it would like to
develop its inhouse expertise in the future, where it would prefer to collaborate
to gain the expertise it needs, and where it would like to leverage or incentivize
outside expertise. Some specific areas the committee identified where EPA may
want to consider maintaining or enhancing its expertise on in the future include:

e Extend collaborations with remote-sensing scientists.

¢ Find ways to engage in broader, deeper, and sustained support for long-
term monitoring.

e Continue to promote methodologic development and application to
rapid and predictive monitoring.

e Develop a quantitative microbial risk-assessment framework that in-
corporates alternative indicators, using genomic approaches, microbial source
tracking, and pathogen monitoring.

e Collaborate with other agencies (for example, the National Institute of
Environmental Health Sciences Exposure Biology program; the NSF Environ-
mental, Health, and Safety Risks of Nanomaterials program; the US Centers for
Disease Control and Prevention; and the European Commission’s Exposure Ini-
tiative) to build a greater capacity for exposure science.

o Improve exposure assessment for environmental-epidemiology studies.

e Continue modeling efforts to advance understanding of sources and en-
vironmental processes that contribute to particulate matter loadings and conse-
quent health and environmental effects.

o Improve understanding of interactions between climate change and air
quality, with a focus on relatively short-lived greenhouse agents, such as ozone,
black carbon, and other constituents of particulate matter.

e Develop processes and procedures for effective public communication
of the potential public health and environmental risks associated with the in-
creasing number of chemicals.

e Improve understanding of the value and limitations of “-omic” tech-
nologies and approaches for environmental and human health risk assessment.

e Continue validation of high-throughput in vitro assays for the screening
of new chemicals for potentially hazardous properties while continuing to rec-
ognize the limitations and strengths of current toxicity-testing approaches.
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Regardless of the specific tools and technologies EPA intends to invest its
resources on in the future, it must at least have knowledge of new technologies
and tools that are emerging in the areas of environmental science and engineer-
ing. EPA’s efforts to anticipate science needs and emerging tools to meet these
needs cannot succeed in a vacuum. As it focuses on organizing and catalyzing
its internal efforts better, it will need to continue to look outside itself—to other
agencies, states, other countries, academe, and the private sector—to identify
relevant scientific advances and opportunities where collaboration that relies on
others’ efforts can be the best (sometimes the only) means of making progress in
protecting health and the environment.

Finding: Although EPA has periodically attempted to scan for and anticipate
new scientific, technology, and policy developments, these efforts have not been
systematic and sustained. The establishment of deliberate and systematic proc-
esses for anticipating human health and ecosystem challenges and new scientific
and technical opportunities would allow EPA to stay at the leading edge of
emerging science.

Recommendation 4: The committee recommends that EPA engage in a de-
liberate and systematic “scanning” capability involving staff from ORD,
other program offices, and the regions. Such a dedicated and sustained “fu-
tures network” (as EPA called groups with a similar function in the past),
with time and modest resources, would be able to interact with other fed-
eral agencies, academe, and industry to identify emerging issues and bring
the newest scientific approaches into EPA.

IMPROVED MANAGEMENT AND USE OF LARGE DATASETS

Without good data that show the state of the environment, how it is evolv-
ing, and how it is affecting people and ecosystems, it is difficult to do an effec-
tive, science-based job of environmental protection. EPA is gathering and will
continue to gather large amounts of data from a diverse array of sources and will
need to deposit such data into data management systems that are both secure and
accessible. EPA will need to have the capacity to systematically access, harvest,
manage, and integrate data from diverse sources, in different media, across geo-
graphic and disciplinary boundaries, and of heterogeneous forms and scales.
This capacity will depend on EPA maintaining and possibly increasing its cur-
rent information-technology capabilities that support state-of-the art data acqui-
sition, storage, and management. Capacity will also depend on having enough
senior statisticians in the agency to analyze, model, and support the synthesis of
data. EPA will need to continue to promote and engage in the development of
informatics techniques for seamless data integration and synthesis and robust
model development. As EPA continues to strengthen its informatics infrastruc-
ture, including data-warehousing and data-mining, it remains important to pay
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attention to new analytic and statistical methods, the building blocks of infor-
matics and backbones of data-mining; to address emerging modeling issues; and
to bridge methodologic gaps.

Many of the issues being addressed by EPA are in the context of environ-
mental factors whose effects are best characterized in terms of changing expo-
sures, accumulating amounts of materials, and changing health and environ-
mental conditions. Given the high levels of spatial and temporal variability of
those factors, it is often critical to have and maintain long-term records of multi-
ple parameters. Making data and samples accessible to future researchers is cen-
tral to ensuring that the understanding of environmental phenomena continues to
grow and evolve with the science. It is also important to develop sample ar-
chives where materials are appropriately stored and to have good metadata for
analysis or reanalysis at a later date.

Long-term monitoring is essential for tracking changes in ecosystems and
populations to identify, at the earliest stage, emerging changes and challenges.
Without long-term data, it is difficult to know whether current variations fall
within the normal range of variation or are truly unprecedented. It is also essen-
tial for knowing whether EPA’s management interventions are having their in-
tended effect. Monitoring is a fundamental component of hypothesis-testing. All
management interventions are based on explicit or implicit hypotheses that jus-
tify them and explain why they should yield the desired results. A hypothesis
may focus on physical and biologic processes or on expected human behavioral
responses. If it is made explicit and monitoring is designed specifically to test it,
both the value of the monitoring and the details of its design will be clarified,
and the importance of the monitoring will be evident.

Finding: It is difficult to understand the overall state of the environment unless
one knows what it has been in the past, and how it is changing over time. Typi-
cally this can only be achieved by examining high-quality time series of key
indicators of environmental quality and performance. Currently at EPA, there
are few long-term monitoring programs, let alone programs that are systematic
and rigorous.

Recommendation 5: The committee recommends that EPA invest substan-
tial effort to generate broader, deeper, and sustained support for long-term
monitoring of key indicators of environmental quality and performance.

INNOVATION

To understand future environmental health problems and provide solu-
tions, EPA will depend on innovations across different media (air, land, and
water). EPA has an important role in addressing capacity and opportunities for
innovation by providing information, technical assistance, platforms for infor-
mation exchange, demonstration activities, and economic incentives and disin-
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centives. It can play a role not only in promoting innovation in the agency but
stimulating innovation by others. The agency also has the opportunity to lever-
age resources to support innovation. The committee does not recommend that
EPA attempt to develop all such solutions itself. Rather, it would be more cost
effective to partner and engage with others to support innovation. That can be
supported through EPA’s Small Business Innovation Research program or an
award, such as the Presidential Green Chemistry Awards, which would nudge
the entrepreneurial community to address problems of direct interest to the
agency. EPA has taken a global leadership role by supporting efforts that focus
on innovative solutions-oriented science, including the pollution prevention pro-
gram, Design for the Environment, and the green chemistry and engineering
program. They demonstrate the potential for innovative approaches to advance
and use scientific knowledge to protect health and the environment through the
redesign of chemicals, materials, and products. They also demonstrate the role
that EPA can play in driving decisions by providing high-quality scientific in-
formation.

Finding: EPA has recognized that innovation in environmental science, tech-
nology, and regulatory strategies will be essential if it is to continue to perform
its mission in a robust and cost-effective manner. However, to date, the
agency’s approach has been modest in scale and insufficiently systematic.

Recommendation 6: The committee recommends that EPA develop a more
systematic strategy to support innovation in science, technology, and prac-
tice.

In doing this, the agency would be well-advised to work on identifying
much more clearly the “signals” that it is or is not sending and to refine them as
needed. Clearly identifying signals could be accomplished by seeking to identify
the key desired outcomes of EPA’s regulatory programs and communicate the
desired outcomes clearly to the private and public sectors. The committee has
identified several ways in which EPA could address this recommendation.

o Establish and periodically update an agency-wide innovation strategy
that outlines key desired outcomes, processes for supporting innovation, and
opportunities for collaboration. Such a strategy would identify incentives, disin-
centives, and opportunities in program offices to advance innovation. It would
highlight collaborative needs, education, and training for staff to support innova-
tion.

o Identify and implement cross-agency efforts to integrate innovative ac-
tivities in different parts of the agency to achieve more substantial long-term
innovation. One immediate example of such integration that is only beginning to
occur is bringing the work on green chemistry from the Design for the Environ-
ment program together with the innovative work on high-throughput screening
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in the ToxCast program to apply innovative toxicity testing tools to the design of
green chemicals.

e Explicitly examine the effects of new regulatory and nonregulatory
programs on innovation while ascertaining environmental and economic effects.
This “innovation impact assessment” could, in part, inform the economic
evaluation as a structure that encourages technologic innovation that may lead to
long-term cost reductions. The assessment could also function as a stand-alone
activity to evaluate how regulations could encourage or discourage innovation in
a number of activities and sectors. It could help to identify what research and
technical support and incentives are necessary to encourage innovation that re-
duces environmental and health effects while stimulating economic benefits.

STRENGTHENING SCIENCE IN A TIME OF TIGHT BUDGETS

This report has stressed the importance of sustaining and strengthening
EPA’s present programs of scientific research, applications, and data collection
while identifying and pursuing a wide array of new scientific opportunities and
challenges. Both are needed to address the complexity of modern problems and
both are essential to the agency if it is to continue to provide scientific leader-
ship and high-quality science-based regulation in the years to come.

Specific recommendations related to agency budgets are outside the scope
of this study, but the committee feels compelled to note, as did the report Sci-
ence Advisory Board Comments on the President’s Requested FY2013 Research
Budget (EPA SAB 2012b), that since 2004, the budget for ORD has declined
28.5% in real-dollar terms (gross domestic product—indexed dollars). The reduc-
tions have been even greater in a number of specific fields, such as ecosystem
research and pollution prevention.

Finding: If EPA is to provide scientific leadership and high-quality science-
based regulation in the coming decades, it will need adequate resources to do so.
Some of this committee’s recommendations, if followed, will allow EPA to ad-
dress its scientific needs with greater efficiency. But the agency cannot continue
to provide leadership, pursue many new needs and opportunities, and lay the
foundation for ensuring future health and environmental safety unless the long-
term budgetary trend is reversed.

Recommendation 7: The committee recommends EPA create a process to
set priorities for improving the quality of its scientific endeavors over the
coming decades. This process should recognize the inevitably limited re-
sources while clearly articulating the level of resources required for the
agency to continue to ensure the future health and safety of humans and
ecosystems.
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Statement of Task of the Committee
on Science for EPA’s Future

A committee of the National Research Council will assess the overall ca-
pabilities of the US Environmental Protection Agency (EPA) to develop, obtain,
and use the best available new scientific and technological information and tools
that will be needed to meet persistent, emerging, and future mission challenges
and opportunities across the agency’s research and regulatory programs. These
challenges and opportunities will include those posed or provided by new scien-
tific knowledge and techniques, new and persistent environmental problems,
changes in human activities and interactions, changes in public expectations,
new risk-assessment and risk-management paradigms, new models for decision
making, and new agency mission requirements. Special consideration will be
given to potentially increasing emphasis on trans-disciplinary approaches, sys-
tems-based problem solving, scientific and technological innovation, and greater
involvement of communities and other stakeholders. The committee will iden-
tify and assess transitional options to strengthen the agency’s capability to pur-
sue the scientific information and tools that will be needed to meet these chal-
lenges and opportunities.

In performing its task, the committee may consider topics such as the fol-
lowing:

e Key factors expected to stimulate major changes in the biophysical and
societal environments, research, risk assessment, risk management, and regula-
tory decision-making.

e Computational, analytic, and anticipatory strategies for strengthening
the agency’s capabilities to obtain and interpret scientific information to address
such changes.

e New methods and bioinformatics tools to support private-sector efforts
to create new chemicals and engineering approaches to developing materials,
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products, and services that are sustainable and safer for public health and the
environment.

e Organizational collaborations, within EPA’s Office of Research and
Development (ORD) and among EPA offices, other agencies, and other domes-
tic and foreign institutions that could facilitate EPA’s ability to anticipate, iden-
tify, and respond to new environmental challenges.

e New informatics approaches to collecting, storing, and sharing data;
new techniques of measurement, computation, modeling, monitoring, and analy-
sis; and new methods of synthesizing and integrating information across disci-
plines.

e New methods to measure the costs and benefits of environmental regu-
lation and to anticipate future risk, the perception of that risk (especially before
it is well understood), and the response to that risk.

e Improvements to, or further development of, decision-support tools to
assist in evaluation of regulatory alternatives, taking into account relevant regu-
latory decision-making goals and relevant physical, chemical, biological, engi-
neering, and social sciences.

e Approaches to more effectively deal with the inherent tensions among
research, risk assessment, and regulatory timeframes.

e Scientific tools and analytic frameworks, including systems-based,
trans-disciplinary, and community-based approaches, to address future regula-
tory challenges, including examples of potential applications of these tools.

e EPA’s scientific capabilities (from both a financial and human resource
perspective) to successfully deal with the future.

e Other sources of scientific information external to the agency.
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Biographical Information on the
Committee on Science for EPA’s Future

Jerald L. Schnoor (Chair) is the Allen S. Henry Chair in Engineering, profes-
sor of civil and environmental engineering, professor of occupational and envi-
ronmental health, codirector of the Center for Global and Regional Environ-
mental Research, and faculty research engineer of the Iowa Institute of
Hydraulic Research — Hydroscience and Engineering. Dr. Schnoor’s interests
are in water-quality modeling, environmental chemistry, and climate change.
His present research includes phytoremediation of groundwater contamination
and hazardous wastes, water observatory networks, global change, and sustain-
ability. Dr. Schnoor is editor-in-chief of Environmental Science and Technology.
He is a member of the US Environmental Protection Agency Science Advisory
Board, a member of the National Academy of Engineering, and a member of the
National Institute of Environmental Health Science National Advisory Envi-
ronmental Health Sciences Council. He has served on several previous National
Research Council committees, most recently as a member of the Committee on
Economic and Environmental Impacts of Increasing Biofuels Production. Dr.
Schnoor earned a PhD in civil (environmental health) engineering from the Uni-
versity of Texas.

Tina Bahadori resigned from the committee on March 26, 2012, when she was
appointed the national program director for chemical safety for sustainability in
the US Environmental Protection Agency (EPA) Office of Research and Devel-
opment. While she served as a member of the committee, she was the managing
director for the American Chemistry Council’s Long-Range Research Initiative
(LRI) program. In that position, she was responsible for the direction of the LRI,
which sponsors an independent research program that advances the science of
risk assessment for the health and ecological effects of chemicals to support
decision-making by government, industry, and the public. Before joining the
American Chemistry Council, she was the manager of Air Quality Health Inte-
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grated Programs at the Electric Power Research Institute. Dr. Bahadori is the
immediate past president of the International Society of Exposure Science and
an associate editor of the Journal of Exposure Science and Environmental Epi-
demiology. She served as a member of the Board of Scientific Counselors of the
US Centers for Disease Control and Prevention (CDC) National Center for En-
vironmental Health (NCEH)/Agency for Toxic Substances and Disease Registry
(ATSDR), as a member of the CDC NCEH/ATSDR National Conversation on
Public Health and Chemical Exposure Leadership Council, as a peer reviewer
for the EPA grants and programs, and as a member of the Chemical Exposure
Working Group on the National Children’s Study. She has also served on sev-
eral National Research Council committees, most recently as a member of the
Committee to Develop a Research Strategy for Environmental, Health, and
Safety Aspects of Engineered Nanomaterials, the Committee on Human and
Environmental Exposure Science in the 21st Century, and the Board on Envi-
ronmental Studies and Toxicology. Dr. Bahadori earned an ScD in environ-
mental science and engineering from the Harvard School of Public Health.

Eric J. Beckman is the George M. Bevier Professor of Engineering in the Uni-
versity of Pittsburgh Department of Chemical and Petroleum Engineering. He is
also codirector of the Mascaro Center for Sustainable Innovation, a center in the
school of engineering that focuses on the design of sustainable communities. Dr.
Beckman’s research interests involve the design of green chemical products and
molecular design of biomedical devices. Dr. Beckman was honored as the 1992
recipient of the National Science Foundation Young Investigator Award and the
2002 Academic Presidential Green Chemistry Challenge Award. He earned a
PhD in polymer science from the University of Massachusetts.

Thomas A. Burke is associate dean for public-health practice and professor of
health policy and management at the Johns Hopkins University Bloomberg
School of Public Health. He holds joint appointments in the Department of En-
vironmental Health Sciences and the School of Medicine’s Department of On-
cology. Dr. Burke is also director of the Johns Hopkins Risk Sciences and Pub-
lic Policy Institute. His research interests include environmental epidemiology
and surveillance, evaluation of population exposures to environmental pollut-
ants, assessment and communication of environmental risks, and application of
epidemiology and health risk assessment to public policy. Before joining Johns
Hopkins University, Dr. Burke was deputy commissioner of health for New Jer-
sey and director of science and research for the New Jersey Department of Envi-
ronmental Protection. In New Jersey, he directed initiatives that influenced the
development of national programs, such as Superfund, the Safe Drinking Water
Act, and the Toxics Release Inventory. Dr. Burke was the inaugural chair of the
advisory board to the director of the US Centers for Disease Control and Preven-
tion National Center for Environmental Health and is currently a member of the
US Environmental Protection Agency Science Advisory Board. He has served
on several National Research Council committees, most recently as chair of the
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Committee on Improving Risk Analysis Approaches Used by the US EPA and
the Committee to Review EPA’s Title 42 Hiring Authority for Highly Qualified
Scientists and Engineers. He was also chair of the Committee on Human Bio-
monitoring for Environmental Toxicants and the Committee on Toxicants and
Pathogens in Biosolids Applied to Land. In 2003, he was designated a lifetime
national associate of the National Academies. Dr. Burke received his PhD in
epidemiology from the University of Pennsylvania.

Frank W. Davis is director of the National Center for Ecological Analysis and
Synthesis and a professor at the Bren School of Environmental Science and
Management of the University of California, Santa Barbara, where he teaches
ecology and conservation planning. His current research focuses on the land-
scape ecology of California rangelands, ecologic implications of modern climate
change, and conservation planning for renewable-energy development. Dr.
Davis is a fellow of the American Association for the Advancement of Science,
a fellow in the Aldo Leopold Leadership Program, a Google Science Communi-
cation Fellow, and a trustee of the Nature Conservancy of California. He has
served on several National Research Council committees and is currently a
member of the Board on Environmental Studies and Toxicology. Dr. Davis
earned a PhD in geography and environmental engineering from Johns Hopkins
University.

David L. Eaton is a professor of environmental and occupational health sci-
ences and interim vice provost for research at the University of Washington
(UW). He also serves as the director of the National Institute of Environmental
Health Sciences Center for Ecogenetics and Environmental Health at UW. He
has held several other UW positions, including director of the toxicology pro-
gram and associate chairman in the Department of Environmental Health and
associate dean for research in the School of Public Health. Dr. Eaton maintains
an active research and teaching program that is focused on the molecular basis
of environmental causes of cancer and how human genetic differences in bio-
transformation enzymes may increase or decrease individual susceptibility to
chemicals found in the environment. He has published over 150 scientific arti-
cles and book chapters in toxicology and risk assessment. Nationally, he has
served on the board of directors and as treasurer of the American Board of Toxi-
cology, as secretary and later as president of the Society of Toxicology, as a
member of the board of directors and as vice-president of the Toxicology Educa-
tion Foundation, and as a member of the board of trustees of the Academy of
Toxicological Sciences. Dr. Eaton is a member of the Institute of Medicine and
has served on several National Academies committees, most recently as a mem-
ber of the Institute of Medicine Committee on Breast Cancer and the Environ-
ment: The Scientific Evidence, Research Methodology, and Future Directions.
He is an elected fellow of the American Association for the Advancement of
Science and of the Academy of Toxicological Sciences. Dr. Eaton earned a PhD
in pharmacology from the University of Kansas Medical Center.
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Paul Gilman is senior vice president and chief sustainability officer of Covanta
Energy. Previously, he served as director of the Oak Ridge Center for Advanced
Studies and as assistant administrator for the Office of Research and Develop-
ment in the US Environmental Protection Agency. He also worked in the Office
of Management and Budget, where he had oversight responsibilities for the US
Department of Energy (DOE) and all other science agencies. In DOE, he ad-
vised the secretary of energy on scientific and technical matters. From 1993 to
1998, Dr. Gilman was the executive director of the Commission on Life Sci-
ences and the Board on Agriculture and Natural Resources of the National Re-
search Council. He has served on numerous National Research Council commit-
tees and is currently a member of the Committee on Human and Environmental
Exposure Science in the 21st Century. Dr. Gilman received his PhD in ecology
and evolutionary biology from Johns Hopkins University.

Daniel S. Greenbaum is president and chief executive officer of the Health
Effects Institute (HEI), an independent research institute funded jointly by gov-
ernment and industry. In this role, he leads HEI’s efforts to provide public and
private decision-makers with high-quality, impartial, relevant, and credible sci-
ence on the health effects of air pollution to inform air-quality decisions in the
developed and developing world. Mr. Greenbaum has focused HEI’s efforts on
providing timely and critical research and reanalysis on particulate matter, air
toxics, diesel exhaust, and alternative technologies and fuels. Before joining
HEL he served as commissioner of the Massachusetts Department of Environ-
mental Protection. Mr. Greenbaum has chaired the US Environmental Protection
Agency (EPA) Blue Ribbon Panel on Oxygenates in Gasoline and EPA’s Clean
Diesel Independent Review Panel, and he is a member of the board of directors
of the Environmental Law Institute. He has also served on several National Re-
search Council committees, most recently the Committee on Health, Environ-
mental, and Other External Costs and Benefits of Energy Production and Con-
sumption and the Committee on Estimating Mortality Risk Reduction Benefits
from Decreasing Tropospheric Ozone Exposure. Mr. Greenbaum earned an MS
in city planning from the Massachusetts Institute of Technology.

Steven P. Hamburg is chief scientist at the Environmental Defense Fund. He is
an ecosystem ecologist specializing in the impacts of disturbance on forest struc-
ture and function. He has served as an adviser to both corporations and nongov-
ernment organizations on ecologic and climate-change mitigation issues. Previ-
ously, he spent 16 years as a tenured member of the Brown University faculty
and was founding director of the Global Environment Program of the Watson
Institute for International Studies. Dr. Hamburg is the co-chair of the Royal So-
ciety’s Solar Radiation Management Governance Initiative and a member of the
US Department of Agriculture Advisory Committee on Research, Economics,
Extension and Education. He has been the recipient of several awards, including
recognition by the Intergovernmental Panel on Climate Change for contributing
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to its being awarded the 2007 Nobel Peace Prize. Dr. Hamburg earned a PhD in
forest ecology from Yale University.

James E. Hutchison is the Lokey-Harrington Professor of Chemistry at the
University of Oregon. He is the founding director of the Oregon Nanoscience
and Microtechnologies Institute’s Safer Nanomaterials and Nanomanufacturing
Initiative, a virtual center that unites 30 principal investigators in the Northwest
around the goals of designing greener nanomaterials and nanomanufacturing.
Dr. Hutchison’s research focuses on molecular-level design and synthesis of
functional surface coatings and nanomaterials for a wide array of applications in
which the design of new processes and materials draws heavily on the principles
of green chemistry. He has received several awards and honors including the
Alfred P. Sloan Research Fellowship and the National Science Foundation Ca-
reer Award. He was a member of the National Research Council Committee on
Grand Challenges for Sustainability in the Chemistry Industry and he is cur-
rently a member of the Committee to Develop a Research Strategy for Environ-
mental, Health, and Safety Aspects of Engineered Nanomaterials. Dr. Hutchison
received a PhD in organic chemistry from Stanford University.

Jonathan 1. Levy is a professor of environmental health at the Boston Univer-
sity School of Public Health. Dr. Levy’s research centers on air pollution expo-
sure assessment and health risk assessment, with a focus on urban environments
and issues of heterogeneity and equity. Major research topics include evaluating
spatial patterns of air pollution in complex urban terrain, developing methods to
quantify the magnitude and distribution of health benefits associated with emis-
sions controls for motor vehicles and power plants, using systems science ap-
proaches to evaluate the influence of indoor environmental exposures on pediat-
ric asthma in low-income housing, and developing methods for community-
based cumulative risk assessment that includes chemical and non-chemical
stressors. Dr. Levy was the recipient of the Health Effects Institute Walter A.
Rosenblith New Investigator Award in 2005. He has been a member of several
National Research Council committees, including the Committee on Health Im-
pact Assessment and the Committee on Improving Risk Analysis Approaches
Used by the US Environmental Protection Agency. Dr. Levy earned his ScD in
environmental science and risk management from the Harvard School of Public
Health.

David E. Liddle joined US Venture Partners as a general partner in 2000 after
retiring as president and chief executive officer of Interval Research Corpora-
tion, a laboratory and new-business incubator in Silicon Valley, California. He
has spent his career in developing technologies for interaction and communica-
tion between people and computers in activities spanning research, develop-
ment, management, and entrepreneurship. Before cofounding Interval, Dr. Lid-
dle founded Metaphor Computer Systems in 1982 and served as its president
and chief executive officer. The company was acquired by IBM in 1991, and Dr.
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Liddle was named vice president of new-systems business development. Previ-
ously, he held various research and development positions in Xerox Corpora-
tion’s Palo Alto Research Center. Dr. Liddle has served as director of numerous
public and private companies and as chair of the board of trustees of the Santa
Fe Institute. He has served on the Defense Advanced Research Projects Agency
Information Science and Technology Committee and has participated in several
National Research Council committees, including as chair of the Computer Sci-
ence and Telecommunications Board, member of the Committee on Innovation
in Information Technology, and chair of the Committee to Study Wireless Tech-
nology Prospects and Policy. He has been named a senior fellow of the Royal
College of Art and elected as a director of the New York Times Company. Dr.
Liddle earned a PhD in electrical engineering from the University of Toledo.

Jana B. Milford is a professor of mechanical engineering at the University of
Colorado. She previously served as a senior staff member with the Environ-
mental Defense Fund. Her research addresses technical, legal, and policy aspects
of air pollution. Her primary technical focus is modeling the chemistry and
transport of ozone, secondary organic aerosols, and other photochemical air pol-
lutants. Her research includes application of formal sensitivity and uncertainty
analysis and optimization techniques to chemistry and transport models and use
of these models in making decisions. She is also interested in application and
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door, indoor, and personal exposure measurements. She has served on several
National Research Council committees, including the Committee on Air Quality
Management in the United States, and is currently a member of the Board on
Environmental Studies and Toxicology. Dr. Milford obtained a PhD from the
Department of Engineering and Public Policy of Carnegie Mellon University
and a JD from the University of Colorado School of Law.
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tive policy analysis. At Carnegie Mellon, Dr. Morgan directs the National Sci-
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Council. He is a fellow of the American Association for the Advancement of
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Science, the Institute of Electrical and Electronics Engineers, and the Society for
Risk Analysis. He is a member of the National Academy of Sciences and serves
as a member of the National Academies Division Committee on Engineering
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has over 300 publications. Dr. Rose’s work has examined new molecular meth-
ods for detecting waterborne pathogens and zoonotic agents and source-tracking
techniques. She has been involved in the study of water supplies, water used for
food production, coastal environments, and drinking-water treatment, wastewa-
ter treatment, reclaimed water, and water reuse. She has been instrumental in
advancing quantitative microbial risk assessment. Dr. Rose was awarded the
Athelie Richardson Irvine Clarke Prize from the National Water Research Insti-
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tional Water Association (IWA) Women in Water award in 2008 and is cur-
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James S. Shortle is Distinguished Professor of Agricultural and Environmental
Economics and director of the Environment and Natural Resources Institute of
Pennsylvania State University. His research focuses on markets and incentives
for ecosystem services with a goal of advancing theory and practice. He is also
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terested in the development of innovative scientific methods and policies to im-
plement a precautionary and preventive approach to decision-making under un-
certainty while advancing assessment and adoption of safer substitutes to
chemicals and products of concern. His teaching and research interests include
regulatory science and policy, risk assessment, pollution prevention, cleaner
production, and environmental health. Dr. Tickner has served on several advi-
sory boards and as an expert reviewer, most recently for the California Green
Chemistry Initiative, the US Environmental Protection Agency National Pollu-
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tion Prevention and Toxics Advisory Committee, and the First National Precau-
tionary Principle Conference Advisory Committee. He is the recipient of several
honors and awards, including the University of Massachusetts President’s
Award for Public Service, the National Pollution Prevention Roundtable Cham-
pion Award, and the North American Hazardous Waste Managers Policy Leader
Award. Dr. Tickner earned an ScD in cleaner production and pollution preven-
tion from the University of Massachusetts Lowell.
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The Rapidly Expanding Field of
“—Omics” Technologies

Technologic advances in “-omics” technologies—especially in the genom-
ics, proteomics, metabolomics, bioinformatics, and related fields of the molecu-
lar sciences (referred to here collectively as panomics)—have transformed the
understanding of biologic processes at the molecular level and should eventually
allow detailed characterization of molecular pathways that underlie the biologic
responses of humans and other organisms to environmental perturbations. The
following sections discuss recent advances in —omics technologies and ap-
proaches. They also discuss some of the implications of —omics technologies for
the US Environmental Protection Agency (EPA), areas in which EPA is at the
leading edge of applying the technologies to address environmental problems,
and the areas in which EPA could benefit from more extensive engagement.

GENOMICS

Beginning in the late 1990s, the Human Genome Project (DOE 2011) ush-
ered in an unprecedented leap in technologies that allow scientists to discern the
fundamental sequences of genes of entire genomes—not only the human ge-
nome but a plethora of model organisms, such as plants, microorganisms, inver-
tebrates, vertebrates, and even the long-extinct woolly mammoth (Miller et al.
2008; NHGRI 2012). The ability to derive, quickly and relatively inexpensively,
the entire sequence of an organism’s genome provides unprecedented opportuni-
ties in biologic and ecologic sciences, including the opportunity to understand
how environmental factors influence biology at the molecular level.

The Human Genome Project fueled the development of faster and less ex-
pensive DNA sequencing. So called first-generation sequencing technologies,
originally described by Sanger and Coulson (1975), have served as the primary
technology for DNA sequencing for the last several decades, with estimated
costs of $3 billion to sequence the human genome (NHGRI 2010; Woollard et
al. 2011). Large-scale sequencing projects based on several next-generation se-
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quencing technologies can now be conducted faster and less expensively than
was possible with previous generations of technologies. Next-generation se-
quencing technologies are substantially different from those based on the origi-
nal Sanger method (Box C-1) and promise remarkable increases in sequencing
capabilities.

Next-generation sequencing instruments have made it possible to sequence
huge amounts of DNA quickly, thoroughly, and affordably and have opened
opportunities to study a wide array of biologic questions, from the metagenom-
ics of water, to characterization of the genetic basis of species differences in
response to environmental insults, to human variability in susceptibility to envi-
ronmentally related diseases. Third-generation sequencing promises to provide
full genome sequencing of individuals (humans or other organisms) for less than
$1,000 per genome by the end of 2013 (Valigra 2012), and at least one company
already offers such services at about $5,000 per genome (Knome 2012).

TRANSCRIPTOMICS

The sequencing of the human genome, and of the genomes of hundreds of
other model organisms of great importance for human and environmental health
constitutes an enormous step forward in understanding genetic origins of dis-
ease, genetic variability, evolutionary biology, and many other subjects of scien-
tific relevance to EPA. However, from a biologic perspective, it is the expres-
sion of the genes in specific cells and tissues that ultimately defines an organism
and how it responds to its environment. Thus, measuring the extent of gene ex-
pression at a given time in a particular cell or tissue is potentially even more
informative of biologic mechanisms. The universe of small RNA molecules that
are transcribed from DNA and that are present in a cell or tissue at any given
time is referred to as the transcriptome. In the last 2 decades, new tools have
been developed that allow one to analyze the entire transcriptome in a cell or
tissue and to study changes in gene expression that might be created by changes
in the environment, such as exposure to a chemical. There are now microarray
methods that allow for the analysis of virtually all mRNA molecules that are
transcribed from active genes. Typically, these arrays contain hundreds of thou-
sands of unique features that quantitatively identify the amount of a particular
mRNA transcript in the sample. Having multiple features that can use the array
to look at different parts of a single gene, such as different exons or exon—intron
boundaries (potential splice sites), provides a remarkable snapshot of what genes
are functioning in a cell at a particular time.

To study complex and common diseases that may be influenced by envi-
ronmental factors (such as cardiovascular disease and cancer), human studies
typically require high-quality DNA from thousands of patients, often from small
quantities of tissues or blood. Several common commercial microarrays for
RNA applications in studies of this sort have been available for more than a dec-
ade and measure the expression of individual genes. However, understanding the
human transcriptome is much more complex than simply measuring the com-
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plement of mRNAs from the genome because alternative splicing' is common
and contributes largely to protein and functional diversity in humans and other
higher organisms (Xu et al. 2011). Technologies for measuring mRNA tran-
scripts in all their varieties, including alternatively spliced transcripts and copy-
number variants, have grown rapidly in the last few years. For example, a new
approach called the Glue Grant Human Transcriptome Array completes a com-
prehensive analysis of the human transcriptome using a 6.9 million—feature oli-
gonucleotide array. The array assesses gene-level and exon-level expression by
using high-density tiling of probes that cover a large collection of transcriptome.
It can also detect alternative splicing and can analyze noncoding transcripts and
common variants (such as single nucleotide polymorphisms) of genes (so called
c¢SNPs) (Xu et al. 2011). This technology was recently used in a multicenter
clinical program that produced high-quality reproducible data (Xu et al. 2011). It
is an example of the rapid change in technologies in the -omics world and will
increasingly provide new approaches to understanding how environmental fac-
tors influence the development of common diseases. Such technologies will also
have many applications in the fields of microbial genomics, evolutionary biol-
ogy, and other areas of interest to EPA.

BOX C-1 Comparison of Sanger and Next-Generation Sequencing (NGS)

e The initial preparation of the DNA sample is more labor intensive for
NGS than for Sanger, but the amount of sequence data obtained per sample
is substantially more.

e The number of sequencing reads from a single instrument per run is of
the order of thousands with Sanger, but millions to billions with NGS; for ex-
ample, a bacterial genome can be sequenced in a single run in days using
NGS, versus months using Sanger sequencing.

¢ Read lengths from Sanger sequencing are up to 900 [base pairs], but
in NGS vary from 30 to 500 [base pairs] depending on the platform.

¢ DNA sequencing costs have been driven down by NGS and base pair
per dollar costs show a consistent 19-months doubling time reduction for
Sanger sequencing. For NGS, the equivalent figure is approximately 5-
months doubling time cost reduction.

e NGS can detect somatic mutations at [less than or equal to] 1%,
whereas Sanger sequencing has significantly less sensitivity.

e The greater versatility of NGS s illustrated in generating whole-
genome datasets, such as miRNA and ChlIP-Seq; Sanger sequencing lacks
this capability.

Abbreviations: ChlP-Seq, chromatin immunoprecipitation sequencing; miRNA,
micro RNA; NGS, next-generation sequencing. Source: Woollard et al. 2011.

'Alternative splicing “the process by which individual exons of pre-mRNAs are
spliced to produce different isoforms of mRNA transcripts from the same gene” (Xu et al.
2011).
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PROTEOMICS

Proteomics is the study of the entire complement of proteins in a cell or
tissue—the proteome. The proteome is much more complicated than the genome
because the proteome differs from cell to cell and from time to time, whereas the
genome of an organism is largely unchanged between cells and over time. Fur-
thermore, most proteins in a cell undergo posttranslational modifications (for
example, phosphorylation, glycosylation, methylation, and ubiquination), which
can result in several functional forms of the same protein. The proteome is po-
tentially far more informative than the genome with respect to environmental
response. Measuring and understanding changes in the proteome after environ-
mental perturbations are therefore increasingly important in many fields of envi-
ronmental science and engineering. Proteomic technologies and approaches will
have an increasingly important role in environmental monitoring and health risk
assessment of relevance to EPA. For example, proteome-based biomarkers may
be useful in deciphering the associations between pesticide exposure and cancer
and will perhaps lead to potential predictive biomarkers of pesticide-induced
carcinogenesis (George and Shukla 2011).

Proteomics has been used to explore “a multitude of bacterial processes,
ranging from the analysis of environmental communities [and the] identification
of virulence factors to the proteome-guided optimization of production strains”
(Chao and Hansmeier 2012). Proteomics has become a valuable tool for the
global analysis of bacterial physiology and pathogenicity, although many chal-
lenges remain, especially in the accurate prediction of phenotypic consequences
based on a given proteome composition (Chao and Heinsmeyer 2012). Lemos et
al. (2010) have discussed the advantages of and challenges to using proteomics
in ecosystems research.

METABOLOMICS

Substantial improvements in instrumentation, especially nuclear magnetic
resonance spectroscopy (Serkova and Niemann 2006) and mass spectrometry
(Dettmer et al. 2007), provide increasingly sensitive approaches to measuring
hundreds or even thousands of small molecules in a cell in a matter of minutes.
The new technologies have given rise to a promising new -omics technology
referred to as metabolomics—the "systematic study of the unique chemical fin-
gerprints that specific cellular processes leave behind" (Bennett 2005) or, more
specifically, the study of their small-molecule metabolite profiles. “In analogy to
the genome, which is used as synonym for the entirety of all genetic informa-
tion, the metabolome represents the entirety of the metabolites within a biologi-
cal system” (Oldiges et al. 2007). The total number of metabolites in a single
cell, tissue, or organism is, of course, highly variable and depends on the bio-
logic system investigated. Hundreds of distinct metabolites have been identified
in microorganisms. For example, the Escherichia coli database EcoCYC con-
tains over 2,000 metabolite entries (Keseler et al. 2011), and the metabolome of
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the common baker’s yeast, Saccharomyces cerevisiae, has about 600 metabo-
lites, the major ones having molecular weight below 300 g/mol (reviewed in
Oldiges et al. 2007). It has been projected that plants have more than 200,000
primary and secondary metabolites (Mungur et al. 2005).

Although far less mature than transcriptomics and proteomics, me-
tabolomics offers great promise for the development of early biomarkers of dis-
ease (Hollywood et al. 2006) and other uses of relevance to EPA. Because me-
tabolomics in many ways is the final integration of genomics, transcriptomics,
and proteomics, it is likely that future developments in this area will become
essential for understanding the functions of the genomes of organisms of interest
to EPA, ranging from pathogenic bacteria in drinking water to humans. Indeed,
EPA scientists are applying metabolomics approaches to aquatic toxicology
(Ekman et al. 2011), in vitro assessments for developmental toxicology (Klein-
streuer et al. 2011), and carcinogenic risk assessment (Wilson et al. 2012 in
press), to name a few.

EPIGENETICS

As noted by Rothstein et al. (2009), “epigenetics is one of the most scien-
tifically important, and legally and ethically significant, cutting-edge subjects of
scientific discovery.” Epigenetic changes are the chemical alterations or chemi-
cal modifications of DNA that do not involve changes in the nucleotide se-
quence in the DNA. Those alterations play a critical role in how and when a
particular gene is expressed. It is clear that environmental factors, including diet,
can influence how epigenetic regulation of gene expression occurs. It is espe-
cially important during periods of cell and tissue growth, such as embryonic and
fetal development. Epigenetic changes can be triggered by environmental fac-
tors. For example, exposure to metals, persistent organic pollutants, and some
endocrine disruptors modulate epigenetic markers in mammalian cells and in
other environmentally relevant species and have the potential to cause disease
(Vandegehuchte and Janssen 2011; Guerrero-Bosagna and Skinner 2012). Some
studies have demonstrated that epigenetic changes can sometimes be transferred
to later generations, even in the absence of the external factors that induced the
epigenetic changes (Skinner 2011).

EPA scientists in the National Health and Environmental Effects Research
Laboratory (NHEERL) are aware of the growing importance of epigenetics in
environmental health assessment. A seminal review of the application of epige-
netic mechanisms to carcinogenic risk assessment was published by NHEERL’s
scientist Julian Preston (2007). Since then, relatively few publications from
NHEERL or other EPA laboratories have addressed epigenetics. A PubMed
search identified five publications by EPA scientists in the last 5 years. A recent
review by Jardim (2011) discussed the implications of microRNAs (a form of
epigenetic regulation of gene expression) for air-pollution research, and Lau et
al. (2011) reviewed fetal programming of adult disease (also thought to be an
epigenetic phenomenon) and its implications for prenatal care. Hsu et al. (2007)
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addressed the implications of epigenetics in the carcinogenic mode of action of
nitrobenzene, but only two original research publications that provided experi-
mental data from EPA have directly assessed epigenetic mechanisms. One study
(Grace et al. 2011) evaluated the role of maternal influences on epigenetic pro-
gramming in the in utero development of endocrine signaling in the brain. The
second (DeAngelo et al. 2008) provided dose-response data on the development
of hepatocellular neoplasia in male mice exposed over a lifetime to trichloroace-
tic acid, a putative carcinogenic product of trichloroethylene solvent breakdown
and a chlorination disinfection byproduct. Although they did not assess epige-
netic changes experimentally, they suggested that epigenetic mechanisms might
explain the observed tumors inasmuch as the compound was not genotoxic. EPA
has not published many original papers on epigenetics, but the EPA grants data-
base lists 36 extramural research grants to universities across the country that are
exploring the role of epigenetics in environmental response (EPA 2012). Given
the relevance of this emerging field, it is important that EPA scientists and regu-
lators become more active in the accumulation of epigenetic knowledge and its
application to human and environmental health risk assessment. Although much
remains to be learned about epigenetic phenomena, it is likely to be a critical
contributor to many diseases that have both a genetic and environmental com-
ponent, and will be especially important in understanding how exposures early
in life might contribute to disease onset later in life.

BIOINFORMATICS

Rapid advances in biotechnology have resulted in an explosion in -omics
data and in information on biochemical and physiologic processes in complex
biologic systems. The advent of the internet, new technologies, and high-
throughput sequencing has spurred further growth of -omics data and has made
it possible to disseminate data globally (Attwood et al. 2011). Since the 1990s,
the field of bioinformatics has seen growth in response to the need for the gen-
eration, storage, retrieval, processing, analysis, and interpretation of -omics data.
It draws on the principles, theories, and methods of the biologic sciences, com-
puter science and engineering, mathematics, and statistics, and it has always
been at the core of understanding of biologic processes and disease pathways
(Attwood et al. 2011). As the -omics revolution continues, bioinformatics will
continue to evolve, and EPA will continue to require inhouse expertise and
state-of-the-science capacity in the field.

Analysis of biologic data has evolved from comparisons of various kinds
of sequence data (Needleman and Wunsch 1970; Smith and Waterman 1981;
Lipman and Pearson 1985) to algorithms that can search various sequence data-
bases. Methods and tools have also been developed for the analysis of sequence,
annotation, and expression data in support of a wide variety of applications, such
as pattern recognition, protein and RNA structure prediction, micro data analysis
(Attwood et al. 2011), and biomarker discovery (Baumgartner et al. 2011; Roy
et al. 2011). There is an increasing emphasis on understanding biologic systems
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through modeling of biologic, physiologic, and biochemical processes (Deville
et al. 2003; Ng et al. 2006; Viswanathan et al. 2008;), including gene—gene and
protein—protein interactions (Tong et al. 2004; Rual et al. 2005); pathway analy-
sis (Schilling et al. 2000; Wishart 2007; Viswanathan et al. 2008); and network
mapping (Lee and Tzou 2009.).

An integrative approach is needed to use different types of databases to
identify distinct system components (organized in modules and subnetworks)
and to understand their relationships and thereby reduce the complexity of a
biologic system as a whole (Lee and Tzou 2009). There are outstanding chal-
lenges to the integrative modeling of biologic systems, some of which are sum-
marized in a recent report from the SYSGENET Bioinformatics Working Group
(Durrant et al. 2011). Because integrative systems modeling requires synthesiz-
ing and harmonizing the analyses of transcriptome, proteome, interactome, me-
tabolome, and phenome data, which are likely to be held in numerous heteroge-
neous databases, it is critical to improve the interoperability, compatibility, and
exchange of software modules that are the foundation of data-processing plat-
forms (such as TIQS and xQTL), database platforms (such as GeneNetwork and
XGAP), and data-analysis toolboxes (such as HAPPY and R/QTL). A standard
computer language for software development and cloud sourcing would facili-
tate efficient software dissemination to the bioinformatics community. In addi-
tion, further development of public repositories for data models and software
source code would promote the use of common data structures and file formats.

To stay at the cutting edge of bioinformatics and take full advantage of its
rapid advance, EPA will need a highly skilled bioinformatics workforce that can
closely follow the development of trends in bioinformatics tools and software
closely. As discussed in Chapter 3, EPA already has a leadership role in bioin-
formatics as applied to toxicity assessment and is well positioned to contribute
to standardization and harmonization processes in the field.
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Scientific Computing, Information
Technology, and Informatics

INFORMATICS AND INFORMATION TECHNOLOGY

IT and informatics are in rapid transition. Technologic change in the
global capacity of computing and telecommunication has been growing expo-
nentially (Hilbert and Lopez 2011). The end of Moore’s law' of exponential
growth in computer hardware power (Robert 2000) will require, for example,
mastery of parallel programming to sustain the growth of computing perform-
ance and to meet the need for analyzing massive amounts of data until a postsili-
con era is realized. The next 10 years will see a massive rebuilding of IT infra-
structure everywhere.

The economics of IT are also changing profoundly, largely under the fa-
vorable pressure of consumer applications. Enormous increases in data band-
width (especially wireless) have made possible a wide array of mobile endpoints
for applications, and this trend will continue. The inability of traditional rela-
tional databases to scale to handle the rapid growth in unstructured, semiconsis-
tent, real-time data on which decisions often need to be made based in the com-
mercial world has led to the emergence of such tools as Map Reduce, Hadoop,
and other next-generation data environments (NoSQL 2012), which are dis-
cussed above. Virtualization is steadily eliminating the concept of a dedicated
server in a fixed location, and cloud computing is transforming the economics of
IT. Social networking, already a major consumer phenomenon, has now entered
the scientific workplace and can be used for heightened collaboration, as dis-
cussed above.

All of the emerging changes will require a more responsive and flexible
approach to the opportunities afforded by global informatics and lead to a sys-

'Moore’s law is a rule of thumb in the history of computing hardware whereby the
number of transistors that can be placed inexpensively on an integrated circuit doubles
about every 2 years (Moore 1965).
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tems perspective of data instead of a focus on one locale, one experiment, or one
medium at a time. Those are the directions that IT and informatics are taking.
The challenge will lie in understanding how to harness information for EPA’s
science needs for the future and understanding the role of advanced computer
science and informatics in EPA.

High-Performance Computing

EPA’s National Computer Center in Research Triangle Park, North Caro-
lina, houses many of the agency’s computing resources, including the super-
computing resources used by the Environmental Modeling and Visualization
Laboratory and resources for such major applications as computational toxicol-
ogy, exposure research, and risk assessment. Those resources are traditional
high-performance computing machines, the products of a shrinking and strug-
gling industry segment. The future of high-performance computing machines
will look entirely different, and it is important that EPA adjust to the change to
remain at the leading edge of the field.

Parallel Programming

Central processing units (CPUs) can no longer be made to run faster, so
progress requires putting multiple CPUs, or “cores”, on each chip to operate
concurrently. That, in turn, requires a decomposition of applications into inde-
pendent components that can run in parallel. An important opportunity afforded
by the effort to create highly parallel programs is that they can also be exported
to external networks of underused processing for the few jobs that require mas-
sive resources. The existing tools for that style of programming are poor, and the
skill is seldom taught. Fortunately, EPA has had experience in this regard in its
supercomputing projects, but it will need to expand its overall skills inventory
greatly to continue to take advantage of parallel and emerging techniques in
computing as Moore’s law is repealed.

Cloud Computing

Cloud computing will redefine the economics of computation for the next
20 years. A cloud-computing server typically provides services to its clients in
three ways: complete applications (software as a service, or SaaS); a platform
for clients to build on (PaaS); or a raw infrastructure of processors, storage, and
networks (IaaS). Clouds generally are classified as public (provided commer-
cially), private (to one or more organizations), or hybrid (public with a secure
connection to private). Services can be scaled up or down in capacity and per-
formance instantly; the client is charged for the amount of time, storage, CPUs,
and bandwidth, moment by moment. Even organizations with extreme needs for
computation, storage, and bandwidth and high volatility of demand over the
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short term have been able to transition from their own data centers to the cloud
with excellent results (Cockcroft 2011). EPA has recognized the opportunity
presented by cloud computing and has begun to embark on a process of transi-
tion for many services to a private EPA cloud (Lee and Eason 2010).

Throughout EPA, and especially in the regions and the technical offices,
applications and databases are the responsibility of regions and offices, but the
Office of Technology Operations and Planning (in the Office of Environmental
Information) provides the infrastructure, platform, and support from datacenters
in Research Triangle Park, North Carolina; Arlington, Virginia; Chicago, Illi-
nois; and Denver, Colorado. Thus, it is natural for EPA scientific computing to
move to PaaS and laaS cloud operation, and it has begun to do so. Done care-
fully, this will also permit some applications to be moved to the public cloud as
economics requires. Given the trajectory of costs and budgets, that is inevitable,
and it is important that EPA continue on this path, ensuring that new science
applications are designed for private cloud implementation and for later portabil-
ity to the public cloud.

Wireless Networks

Dramatic improvement in the performance of data transmission in both
wide-area and local wireless networks is driving enormous growth in mobile
devices and applications. With many government agencies upgrading infrastruc-
ture under pressure to use more effectively the underused radiofrequency spec-
trum over which they have control, that growth will continue for the foreseeable
future. Combined with new-generation real-time sensors, the wireless network
has a profound effect on collection of and access to environmental information
but it also changes expectations about the user experience. Furthermore, design-
ing for mobile devices has different constraints and freedoms from building
Web applications for a desktop environment. The techniques will be important
as EPA works to engage and gain support from the public. It will be important
for EPA to master the skills of spectrum-sharing and efficient use of bandwidth.

DATA MANAGEMENT

With centralized data centers, strong data-quality standards, and highly
organized exchanges, EPA is executing well in IT and has adapted to changing
technology while continuing to support its original charter to protect the envi-
ronment and human health. However, a persistent challenge in such fields such
as computational toxicology is the integration of available data from many
sources. In particular, many investigators who generate large datasets may not
have the knowledge and experience in informatics to integrate and interpret the
data successfully. In the future, adopting a systems-thinking approach will result
in a mixture of data from a variety of sources, including the atmosphere, soil,
water, and foods; data will be related to genetics and health outcomes; and they
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will range from highly unstructured to highly structured data. These factors will
require even more multidisciplinary collaboration among agency scientists.

Warehousing and Mining

As increasingly large amounts of data continue to be generated through
designated systems—such as environmental monitoring, biomarker and other
exposure surveillance data, disease surveillance, and designed epidemiologic
and experimental studies—or streamed from community crowdsourcing, EPA is
faced with both an opportunity and a challenge of channeling and integrating
data into a massive “data warehouse”. Data warchousing is a well-developed
concept and a common practice in business (Miller et al. 2009). In EPA, the
adaptation of and transition to data warehousing will continue to evolve with
good protocols, such as EPA’s Envirofacts Warehouse (Pang 2009; Egeghy et
al. 2012) and the Aggregated Computational Toxicology Resource (Egeghy et
al. 2012; Judson et al. 2012). In the future, data in EPA’s warehouse will come
from diverse sources, from multiple media, and across geographic, physical, and
institutional boundaries. Recent efforts to integrate the US Geological Survey’s
National Water Information System with EPA’s Storage and Retrieval System
are an example (Beran and Piasecki 2009). To harvest relevant information from
massive datasets to support EPA’s science and regulatory activities, integration
of heterogencous databases and mining of these massive datasets present some
new opportunities. A recent application involving the European Union’s Water
Resource Management Information System is a case in point (Dzemydiené et al.
2008).

Data-mining has become a standard for analyzing massive, multisource,
heterogeneous data on consumer behavior used in business (Ngai et al. 2009).
EPA should and can adopt this data analytic paradigm to support its knowledge-
discovery process. The paradigm is increasingly important at a time when the
discovery of new evidence or a new data model can be bolstered by dynamic
mining of large amounts of data, including environmental indicators of air and
water, satellite imagery of climate change from representative population data-
bases, health indicators from disease surveillance systems and medical data-
bases, social behavioral patterns, individual lifestyle data, and -omics data and
disease pathways. That will require EPA to invest its resources to continue the
development of new analytic and computational methods to deal with static
datasets (for example, modeling of complex biologic systems and air and water
models) and to adapt and develop new data-mining techniques to process, visu-
alize, link, and model the massive amounts of data that are streaming from mul-
tiple sources. EPA is making progress in that direction in its Aggregated Com-
putational Toxicology Resource System (Judson et al. 2012). Successful cases
have also been reported for ecologic modeling (Stockwell 2006), air-pollution
management (Li and Shue 2004), and toxicity screening (Helma et al. 2000;
Martin et al. 2009), to name a few.
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Large Datasets

Informatics, data warehousing, and data-mining afford EPA powerful
tools for maximal use of wealth of information that will continue to be gathered
by it, other agencies, and the public on an unprecedented scale. Data analysis
and modeling in many cases will be accomplished through informatics tech-
niques, as is already the case in the analysis of -omics data (Ng et al. 2006;
Baumgartner et al. 2011; Roy et al. 2011). As EPA moves forward with analyz-
ing and modeling large sets of data, it should keep three points in mind:

o Information generation and information gathering are accelerating ex-
ponentially, and EPA will not be able to generate all the data needed to address
complex environmental and health problems. It would benefit the agency to con-
tinue to develop its capacity to access, harvest, manage, and integrate data from
diverse sources and different media and across geographic and disciplinary
boundaries rapidly and systematically.

e Links between environmental change, exposure, human behavior, and
human health are complex, and seamless integration and dynamic mining of
diverse datasets will boost the chance of discovering such links. For example, to
derive personal exposure estimates for particulate matter smaller than 2.5 pm in
diameter (PM, ), it is necessary to integrate environmental data, human behav-
ioral data, and insight about how PM, s penetrates various indoor microenviron-
ments. The exposure estimates are then linked to disease-mechanism data and
health data. Such an approach is not difficult to appreciate in principle, but its
practice hinges on how successfully an informatics approach can be adapted to
mine the massive data from diverse systems. EPA has been a leader in air-
quality research and associated health effects of exposure to air pollutants, as
showcased through its contributions to the Six Cities Study (Dockery et al.
1993) and the National Morbidity, Mortality, and Air Pollution Study (Samet et
al. 2000; Dominici et al. 2006), and it is in a strong position to retain its cutting-
edge position by adapting informatics approaches to the analysis and modeling
of diverse and massive datasets.

e As environmental challenges continue to emerge and evolve, EPA’s
approach to problem-solving will need to be dynamic and adaptive. Having a
cutting-edge capacity of data warehousing, data-mining, bioinformatics, envi-
ronmental informatics, and health informatics will boost EPA’s ability to inte-
grate massive external data in a timely fashion, to adopt new techniques, to bor-
row scientific and technical expertise from outside the agency, and to be more
responsive and anticipatory.

As EPA continues to strengthen its informatics infrastructure, it will be
important to pay attention to new analytic and statistical methods to address
emerging modeling issues and to bridge methodologic gaps. Several outstanding
issues warrant high priority. One challenge is to analyze large amounts of data
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from diverse sources without having a shared standard for the data collection
(Hall et al. 2005). For example, screening and identifying complex chemical
mixtures in the natural environment are difficult because there so many possible
mixtures and the mixtures change temporally and spatially (Casey et al. 2004).
A second example involves conducting gene-screening analysis to differentiate
among tens of thousands of genes or single-nucleotide polymorphisms along a
hypothesized disease pathway with only a small number of subjects. Overzeal-
ous findings of a positive association are a consequence of this high-dimension
problem (Rajaraman and Ullman 2011). Mining that type of data could pose
serious challenges in validity and utility when the data are from across geo-
graphic and disciplinary boundaries and have heterogeneous quality standards.
A special danger with huge datasets is a problem of multiple comparisons,
which can lead to massive false positive results. Also with such data, there is
sometimes a dominance of bias over randomness—increasing the amount of
data generally reduces variances, sometimes close to zero, it but does not reduce
bias. In fact, it may even increase bias by diverting attention from the basic qual-
ity of the data. Another challenge involves the modeling of complex biologic
systems (such as pathway models, physiologically based pharmacokinetic and
pharmacodynamic models, and hospital admission data). Information from a
small number of static datasets is insufficient to support a large number of un-
known model parameters. Two approaches are widely used: fixing some pa-
rameters at values that have only weak support from external systems (Wang et
al. 1997) and tightening the range of variation of the values of the parameters by
imposing probabilistic distributions in a Bayesian approach, such as a Monte
Carlo Markov chain (Bois 2000). Those methods may give the user an unwar-
ranted sense of truth when there are substantial uncertainties in the true model.
As informatics and data-mining become standard, techniques for data analysis
will be increasingly hybrid, combining mathematical, computational, graphical,
and statistical tools and qualitative methods to conduct data exploration, ma-
chine learning, modeling, and decision-making. Developing its inhouse capabil-
ity will help EPA to adopt and apply the new techniques.

Data Sharing and Distribution

EPA devotes substantial resources to the public sharing of data resources.
It also provides support and encouragement to software and application (app)
developers for the creation of both institutional and consumer applications for
accessing, presenting, and analyzing available environmental data. One example
is the Toxics Release Inventory. Others being developed are the EPA Saves
Your Skin mobile telephone app, which provides ZIP code-based ultraviolet
index information to help the public take action to protect their skin and an air-
quality index mobile app, which feeds air-quality information based on ZIP
code. The agency has made strides in analytic and simulation activities, as
shown in the leadership role that it has played in computational toxicology (see
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the section “Example of Using Emerging Science to Address Regulatory Issues
and Support Decision-Making: ToxCast Program” in Chapter 3).

As information trends move from long-term data to data that are gathered
in nearly real time from dispersed geographic sites, there will not be time for a
traditional cycle in which the desired information needs to be extracted from the
original compilation, reformatted to a specific standard, and finally loaded into
an analytic application. It will instead be necessary to literally “send the algo-
rithm to the data” and receive and collect the results centrally. In other words,
the complex formulas developed to analyze the data may be used at the site and
time of data collection rather than being sent to a central data-processing site for
analyses. That approach, first developed by Google in 2004, is named Map Re-
duce and uses a functional programming model (Dean and Ghemawat 2004).
Hadoop, a widely available implementation of Map Reduce, is available in
open-source form and from several major vendors. Not only can Hadoop pro-
gramming parallelize the problem of accessing widely distributed data; it is es-
pecially useful for processing unstructured data or combining them with tradi-
tional structured data.
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