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— INTRODUCTION —

HOWARD FRUMKIN

Please stop reading;

That’s right. Close this book, just for a moment. Lift your eyes and look
around. Where are you? What do you see?

Perhaps you’re in the campus library, surrounded by shelves of books, with
carpeting underfoot and the heating or air-conditioning humming quietly in the
background. Perhaps you’re home—a dormitory room, a bedroom in a house, a
suite in a garden apartment, maybe your kitchen. Perhaps you’re outside, lying
beneath a tree in the middle of campus, or perhaps you’re on a subway or a bus
or even an airplane. What is it like? How does it feel to be where you are?

Is the light adequate for reading? Is the temperature comfortable? Is there
fresh air to breathe? Are there contaminants in the air—say, solvents off-gassing
from newly laid carpet or a recently painted wall? Does the chair fit your body
comfortably?

If you’re inside, look outside. What do you see through the window? Are
there trees? Buildings? Is the neighborhood noisy or tranquil? Are there other
people? Are there busy streets, with passing trucks and busses snorting occasional
clouds of diesel exhaust?

Now imagine that you can see even farther, to a restaurant down the block, to
the nearby river, to the highway network around your city or town, to the factories
and assembly plants in industrial parks, to the power plant in the distance sup-
plying electricity to the room you’re in, to the agricultural lands some miles away.
What would you see in the restaurant? Is the kitchen clean? Is the food stored
safely? Are there cockroaches or rats in the back room? What about the river?
Is your municipal sewage system dumping raw wastes into the river, or is there a
sewage plant discharging treated, clean effluent? Are there chemicals in the river

Howard Frumkin declares no competing financial interests.
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water? What about fish? Could you eat the fish? Could you swim in the river? Do
you drink the water from the river?

As for the highways, factories, and power plant . . . are they polluting the air?
Are the highways clogged with traffic? Are people routinely injured and killed on the
roads? Are workers in the factories being exposed to hazardous chemicals or to noise
or to machines that may injure them or to stress? Are trains pulling up to the power
plant regularly, off-loading vast piles of coal? And what about the farms? Are they
applying pesticides, or are they controlling insects in other ways? Are you confident
that you're safe eating the vegetables that grow there? Drinking the milk? Are the
farmlands shrinking as residential development from the city sprawls outward?

Finally, imagine that you have an even broader view. Floating miles above the
earth, you look down. Do you notice the hundreds of millions of people living
in wildly differing circumstances? Do you see vast megacities with millions and
millions of people, and do you see isolated rural villages three days’” walk from
the nearest road? Do you see forests being cleared in some places, rivers and
lakes drying up in others? Do you notice that the earth’s surface temperature is
slightly warmer than it was a century ago? Do you see cyclones forming in tropi-
cal regions, glaciers and icecaps melting near the poles?

OK, back to the book.

Everything you've just viewed, from the room you’re in to the globe you’re
on, is part of your environment. And many, many aspects of that environment,
from the air you breathe to the water you drink, from the roads you travel to
the wastes you produce, may affect how you feel. They may determine your risk
of being injured before today ends, your risk of coming down with diarrhea or
shortness of breath or a sore back, your risk of developing a chronic disease in
the next few decades, even the risk that your children or your grandchildren will
suffer from developmental disabilities or asthma or cancer.

WHAT IS ENVIRONMENTAL HEALTH?

Merriam-Webster’s Collegiate Dictionary first defines environment straightforwardly as “the
circumstances, objects, or conditions by which one is surrounded.” The second defi-
nition it offers is more intriguing: “the complex of physical, chemical, and biotic
factors (as climate, soil, and living things) that act upon an organism or an ecologi-
cal community and ultimately determine its form and survival.” If our focus is on
human health, we can consider the environment to be all the external (or nongenetic)
factors—physical, nutritional, social, behavioral, and others—that act on humans.
A widely accepted definition of /fealth comes from the 1948 constitution of
the World Health Organization (2005): “A state of complete physical, mental, and
social well-being and not merely the absence of disease or infirmity.” This broad
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definition goes well beyond the rather mechanistic view that prevails in some
medical settings to include many dimensions of comfort and well-being:

Environmental health has been defined in many ways (see Exhibit I.1). Some def-
initions make reference to the relationship between people and the environment,
evoking an ecosystem concept, and others focus more narrowly on addressing
particular environmental conditions. Some focus on abating hazards, and others
focus on promoting health-enhancing environments. Some focus on physical and
chemical hazards, and others extend more broadly to aspects of the social
and built environments. In the aggregate the definitions in Exhibit I.1 make it
clear that environmental health is many things: an interdisciplinary academic
field, an area of research, and an arena of applied public health practice.

EXHIBIT I.1
Definitions of Environmental Health

“[Environmental health] [cJomprises those aspects of human health, including
quality of life, that are determined by physical, chemical, biological, social and
psychosocial factors in the environment. It also refers to the theory and practice of
assessing, correcting, controlling, and preventing those factors in the environment
that can potentially affect adversely the health of present and future generations”
(World Health Organization [WHO], 2004).

“Environmental health is the branch of public health that protects against the
effects of environmental hazards that can adversely affect health or the ecological
balances essential to human health and environmental quality” (Agency for Toxic
Substances and Disease Registry, cited in U.S. Department of Health and Human
Services [DHHS], 1998).

“Environmental health comprises those aspects of human health and disease that
are determined by factors in the environment. It also refers to the theory and prac-
tice of assessing and controlling factors in the environment that can potentially
affect health. It includes both the direct pathological effects of chemicals, radiation
and some biological agents, and the effects (often indirect) on health and well-
being of the broad physical, psychological, social and aesthetic environment, which
includes housing, urban developmental land use and transport” (European Charter
on Environment and Health; see WHO, Regional Office for Europe, 1990).

“Environmental health is the discipline that focuses on the interrelationships
between people and their environment, promotes human health and well-being,
and fosters a safe and healthful environment” (National Center for Environmental
Health, cited in DHHS, 1998).
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THE EVOLUTION OF ENVIRONMENTAL HEALTH

Human concern for environmental health dates from ancient times, and it has
evolved and expanded over the centuries.

Ancient Origins

The notion that the environment could have an impact on comfort and
well-being—the core idea of environmental health-—must have been evident in
the early days of human existence. The elements can be harsh, and we know that
our ancestors sought shelter in caves or under trees or in crude shelters they built.
The elements can still be harsh, both on a daily basis and during extraordinary
events; think of the Indian Ocean earthquake and tsunami of 2004, Hurricanes
Katrina and Rita in 2005, the Sichuan earthquake of 2008, and the ongoing
drought in Australia.

Our ancestors confronted other challenges that we would now identify with
environmental health. One was food safety; there must have been procedures for
preserving food, and people must have fallen ill and died from eating spoiled food.
Dietary restrictions in ancient Jewish and Islamic law, such as bans on eating pork,
presumably evolved from the recognition that certain foods could cause disease.
Another challenge was clean water; we can assume that early peoples learned not
to defecate near or otherwise soil their water sources. In the ruins of ancient civi-
lizations from India to Rome, from Greece to Egypt to South America, archeolo-
gists have found the remains of water pipes, toilets, and sewage lines, some dating
back more than 4,000 years (Rosen, [1958] 1993). Still another environmental
hazard was polluted air; there is evidence in the sinus cavities of ancient cave
dwellers of high levels of smoke in their caves (Brimblecombe, 1988), foreshadow-
ing modern indoor air concerns in homes that burn biomass fuels or coal.

An intriguing passage in the biblical book of Leviticus (14:33-45) may refer
to an environmental health problem well recognized today: mold in buildings.
When a house has a “leprous disease” (as the Revised Standard Version translates
this passage),

... then he who owns the house shall come and tell the priest, “There seems
to me to be some sort of disease in my house.” Then the priest shall command
that they empty the house before the priest goes to examine the disease, lest
all that 1s in the house be declared unclean; and afterward the priest shall go
in to see the house. And he shall examine the disease; and if the disease is in
the walls of the house with greenish or reddish spots, and if it appears to be
deeper than the surface, then the priest shall go out of the house to the door of
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the house, and shut up the house seven days. And the priest shall come again
on the seventh day, and look; and if the disease has spread in the walls of the
house, then the priest shall command that they take out the stones in which is
the disease and throw them into an unclean place outside the city; and he shall
cause the inside of the house to be scraped round about, and the plaster that
they scrape off they shall pour into an unclean place outside the city; then they
shall take other stones and put them in the place of those stones, and he shall
take other plaster and plaster the house. If the disease breaks out again in the
house, after he has taken out the stones and scraped the house and plastered it,
then the priest shall go and look; and if the disease has spread in the house,
it is a malignant leprosy in the house; it is unclean. And he shall break down the
house, its stones and timber and all the plaster of the house; and he shall carry
them forth out of the city to an unclean place.

As interesting as it is to speculate about whether ancient dwellings suffered
mold overgrowth, it is also interesting to consider the “unclean place outside the
city”—an early hazardous waste site. Who hauled the wastes there, and what did
that work do to their health?

Still another ancient environmental health challenge, especially in cities, was
rodents. European history was changed forever when infestations of rats in four-
teenth-century cities led to the Black Death (Zinsser, 1935; Herlihy and Cohn,
1997; Cantor, 2001; Kelly, 2005). Modern cities continue to struggle periodically
with infestations of rats and other pests (Sullivan, 2004), whose control depends
in large part on environmental modifications.

Industrial Awakenings

Modern environmental health further took form during the age of industrializa-
tion. With the rapid growth of cities in the seventeenth and eighteenth centuries,
samitarian issues rose in importance. ““The urban environment,” wrote one histo-
rian, “fostered the spread of diseases with crowded, dark, unventilated housing;
unpaved streets mired in horse manure and littered with refuse; inadequate or
nonexisting water supplies; privy vaults unemptied from one year to the next;
stagnant pools of water; ill-functioning open sewers; stench beyond the twentieth-
century imagination; and noises from clacking horse hooves, wooden wagon wheels,
street railways, and unmuffled industrial machinery” (Leavitt, 1982, p. 22).

The provision of clean water became an ever more pressing need, as greater
concentrations of people increased both the probability of water contamination
and the impact of disease outbreaks. Regular outbreaks of cholera and yellow
fever in the eighteenth and nineteenth centuries (Rosenberg, 1962) highlighted
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the need for water systems, including clean source water, treatment including fil-
tration, and distribution through pipes. Similarly, sewage management became a
pressing need, especially after the provision of piped water and the use of toilets
created large volumes of contaminated liquid waste (Dufty, 1990; Melosi, 2000).

The industrial workplace—a place of danger and even horror—gave addi-
tional impetus to early environmental health. Technology advanced rapidly
during the late eighteenth and nineteenth centuries, new and often dangerous
machines were deployed in industry after industry, and mass production became
common. Although the air, water, and soil near industrial sites could become
badly contaminated, in ways that would be familiar to modern environmental
professionals (Hurley, 1994; Tarr, 1996, 2002), the most abominable conditions
were usually found within the mines, mills, and factories.

Charles Turner Thackrah (1795-1833), a Yorkshire physician, became inter-
ested in the diseases he observed among the poor in the city of Leeds. In 1831, he
described many work-related hazards in a short book with a long title: The Effects
of the Principal Arts, Trades and Professions, and of Civic States and Habuls of Living, on
Health and Longevity, with Suggestions for the Removal of Many of the Agents which Produce
Dusease and Shorten the Duration of Life. In it he proposed guidelines for the prevention
of certain diseases, such as the elimination of lead as a glaze in the pottery indus-
try and the use of ventilation and respiratory protection to protect knife grinders.
Public outcry and the efforts of early Victorian reformers such as Thackrah led
to passage of the Factory Act in 1833 and the Mines Act in 1842. Occupational
health did not blossom in the United States until the early twentieth century, pio-
neered by the remarkable Alice Hamilton (1869-1970). A keen firsthand observer
of industrial conditions, she documented links between toxic exposures and ill-
ness among miners, tradesmen, and factory workers, first in Illinois (where she
directed that state’s Occupational Disease Commission from 1910 to 1919) and
later from an academic position at Harvard. Her books, including Industrial Poisons
in the United States and Industrial Toxicology, published in 1925 and 1934, respectively,
helped establish that workplaces could be dangerous environments for workers.

A key development in the seventeenth through nineteenth centuries was the
quantitative observation of population health—the beginnings of epidemiol-
ogy. With the tools of epidemiology, observers could systematically attribute cer-
tain diseases to certain environmental exposures. John Graunt (1620-1674), an
English merchant and haberdasher, analyzed London’s weekly death records—
the “bills of mortality”—and published his findings in 1662 as Natural and Political
Observations Upon the Bulls of Mortality. Graunt’s work was one of the first formal
analyses of this data source and a pioneering example of demography. Almost
two centuries later, when the British Parliament created the Registrar-General’s
Office (now the Office of Population Censuses and Surveys) and William Farr
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(1807-1883) became its compiler of abstracts, the link between vital statistics
and environmental health was forged. Farr made observations about fertility and
mortality patterns, identifying rural-urban differences, variations between acute
and chronic illnesses, and seasonal trends, and implicating certain environmental
conditions in illness and death. Farr’s 1843 analysis of mortality in Liverpool led
Parliament to pass the Liverpool Sanitary Act of 1846, which created a sanitary
code for Liverpool and a public health infrastructure to enforce it.

If Farr was a pioneer in applying demography to public health, his contem-
porary Edwin Chadwick (1800-1890) was a pioneer in combining social epi-
demiology with environmental health. At the age of thirty-two, Chadwick was
appointed to the newly formed Royal Commission of Enquiry on the Poor Laws,
and helped reform Britain’s Poor Laws. Five years later, following epidemics of
typhoid fever and influenza, he was asked by the British government to investigate
sanitation. His classic report, Sanitary Conditions of the Labouring Population (1842),
drew a clear link between living conditions—in particular overcrowded, filthy
homes, open cesspools and privies, impure water, and miasmas—and health, and
made a strong case for public health reform. The resulting Public Health Act of
1848 created the Central Board of Health, with power to empanel local boards
that would oversee street cleaning, trash collection, and water and sewer systems.
As sanitation commissioner, Chadwick advocated such innovations as urban water
systems, toilets in every house, and transfer of sewage to outlying farms where it
could be used as fertilizer (Hamlin, 1998). Chadwick’s work helped establish the
role of public works—essentially applications of sanitary engineering—to protect-
ing public health. As eloquently pointed out by Thomas McKeown (1979) more
than a century later, these interventions were to do far more than medical care to
improve public health and well-being during the industrial era.

The physician John Snow (1813-1858) was, like William Farr, a founding
member of the London Epidemiological Society. Snow gained immortality in
the history of public health for what was essentially an environmental epide-
miology study. During an 1854 outbreak of cholera in London, he observed a
far higher incidence of disease among people who lived near or drank from the
Broad Street pump than among people with other sources of water. He persuaded
local authorities to remove the pump handle, and the epidemic in that part of the
city soon abated. (There is some evidence that it may have been ending anyway;,
but this does not diminish the soundness of Snow’s approach.) Environmental
epidemiology was to blossom during the twentieth century (see Chapter Three)
and provide some of the most important evidence needed to support effective
preventive measures.

Finally, the industrial era led to a powerful reaction in the worlds of literature,
art, and design. In the first half of the nineteenth century, Romantic painters,
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poets, and philosophers celebrated the divine and inspiring forms of nature. In
Germany painters such as Gaspar David Iriedrich (1774-1840) created metic-
ulous images of the trees, hills, misty valleys, and mercurial light of northern
Germany, based on a close observation of nature, and in England Samuel Palmer
(1805-1881) painted landscapes that combined straightforward representation of
nature with religious vision. His countryman John Constable (1776-1837) worked
in the open air, painting deeply evocative English landscapes. In the United
States, Hudson River School painters, such as Thomas Cole (1801-1848), took
their inspiration from the soaring peaks and crags, stately waterfalls, and primeval
forests of the northeast. At the same time, the New England transcendentalists
celebrated the wonders of nature. “Nature never wears a mean appearance,”
wrote Ralph Waldo Emerson (1803-1882) in his 1836 paean, Nature. “Neither
does the wisest man extort her secret, and lose his curiosity by finding out all
her perfection. Nature never became a toy to a wise spirit. The flowers, the ani-
mals, the mountains, reflected the wisdom of his best hour, as much as they had
delighted the simplicity of his childhood.” Henry David Thoreau (1817-1862),
like Emerson a native of Concord, Massachusetts, rambled from Maine to Cape
Cod and famously lived in a small cabin at Walden Pond for two years, experi-
ences that cemented his belief in the “tonic of wildness.” And America’s greatest
landscape architect, Frederick Law Olmsted (1822-1903), championed bringing
nature into cities. He designed parks that offered pastoral vistas and graceful
tree-lined streets and paths, intending to offer tranquility to harried people and to
promote feelings of community. These and other strands of cultural life reflected
yet another sense of environmental health, forged in response to industrialization:
the idea that pristine environments were wholesome, healthful, and restorative
to the human spirit.

The Modern Era

The modern field of environmental health dates from the mid-twentieth century,
and no landmark better marks its launch than the 1962 publication of Rachel
Carson’s Silent Spring. Silent Spring focused on DD'T, an organochlorine pesticide
that had seen increasingly wide use since the Second World War. Carson had
become alarmed at the ecosystem effects of DD'T; she described how it entered
the food chain and accumulated in the fatty tissues of animals, how it indiscrimi-
nately killed both target species and other creatures, and how its effects persisted
for long periods after it was applied. She also made the link to human health,
describing how DDT might increase the risk of cancer and birth defects. One
of Carson’s lasting contributions was to place human health in the context of
larger environmental processes. “Man’s attitude toward nature,” she declared in
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1963, “is today critically important simply because we have now acquired a fateful
power to alter and destroy nature. But man is a part of nature, and his war against
nature is inevitably a war against himself. . . . [We are] challenged as mankind
has never been challenged before to prove our maturity and our mastery, not of
nature, but of ourselves” (New York Times, 1964).

The recognition of chemical hazards was perhaps the most direct legacy
of Silent Spring. Beginning in the 1960s, Irving Selikoff (1915-1992) and his col-
leagues at the Mount Sinai School of Medicine intensively studied insulators
and other worker populations and showed that asbestos could cause a fibrosing
lung disease, lung cancer, mesothelioma, and other cancers. Outbreaks of can-
cer in industrial workplaces—lung cancer in a chemical plant near Philadelphia
due to bis-chloromethyl ether (Figueroa, Raszkowski, and Weiss, 1973; Randall,
1977), hemangiosarcoma of the liver in a vinyl chloride polymerization plant in
Louisville (Creech and Johnson, 1974), and others—underlined the risk of carci-
nogenic chemicals. With the enormous expansion of cancer research, and with
effective advocacy by such groups as the American Cancer Society (Patterson,
1987), environmental and occupational carcinogens became a focus of public,
scientific, and regulatory attention (Epstein, 1982).

But cancer was not the only health effect linked to chemical exposures. Herbert
Needleman (1927-), studying children in Boston, Philadelphia, and Pittsburgh,
showed that lead was toxic to the developing nervous system, causing cognitive
and behavioral deficits at levels far lower than had been appreciated. When this
recognition finally helped achieve the removal of lead from gasoline, population
blood lead levels plummeted, an enduring public health victory. Research also
suggested that chemical exposures could threaten reproductive function. Wildlife
observations such as abnormal genitalia in alligators in Lake Apopka, Florida,
following a pesticide spill (Guillette and others, 1994) and human observations
such as an apparent decrease in sperm counts (Carlsen, Giwercman, Keiding, and
Skakkebaek, 1992; Swan, Elkin, and Fenster, 1997) suggested that certain per-
sistent, bioaccumulative chemicals (persistent organic pollutants, or POPs) could
affect reproduction, perhaps by interfering with hormonal function. Emerging
evidence showed that chemicals could damage the kidneys, liver, and cardiovas-
cular system and immune function and organ development.

Some knowledge of chemical toxicity arose from toxicological research (see
Chapter Two) and other insights resulted from epidemiological research
(see Chapter Three). But catastrophes—reported first in newspaper headlines and
only later in scientific journals—also galvanized public and scientific attention.
The discovery of accumulations of hazardous wastes in communities across the
nation—Love Canal in Niagara Falls, New York (Gibbs, 1998; Mazur, 1998);
Times Beach, Missouri, famous for its unprecedented dioxin levels; Toms River,
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New Jersey, and Woburn, Massachusetts, where municipal drinking water was
contaminated with organic chemicals; “Mount Dioxin,” a defunct wood treat-
ment plant in Pensacola, Florida; and others—raised concerns about many health
problems, from nonspecific symptoms to immune dysfunction to cancer to birth
defects. And acute disasters, such as the isocyanate release that killed hundreds
and sickened thousands in Bhopal, India, in 1984, made it clear that industrializa-
tion posed real threats of chemical toxicity (Kurzman, 1987; Dhara and Dhara,
2002; Lapierre and Moro, 2002).

In tandem with the growing awareness of chemical hazards, environmental
health during the second half of the twentieth century was developing along
another promising line: environmental psychology. As described in Chapter Five, this
field arose as a subspecialty of psychology, building on advances in perceptual and
cognitive psychology. Scholars such as Stephen Kaplan and Rachel Kaplan at the
University of Michigan carried out careful studies of human perceptions and of
reactions to various environments. An important contribution to environmental
psychology was the theory of biophilia, first advanced by Harvard biologist E. O.
Wilson in 1984. Wilson defined buophilia as “the innately emotional affiliation of
human beings to other living organisms.” He pointed out that for most of human
existence, people have lived in natural settings, interacting daily with plants, trees,
and other animals. As a result, Wilson maintained, affiliation with these organ-
isms has become an innate part of human nature (Wilson, 1984). Other scholars
extended Wilson’s concept beyond living organisms, postulating a connection
with other features of the natural environment—rivers, lakes, and ocean shores;
waterfalls; panoramic landscapes and mountain vistas (Kellert and Wilson, 1993;
Kellert, 1997; see Chapter Twenty-Four). Environmental psychologists studied
not only natural features of human environments but also such factors as light,
noise, and way-finding cues to assess the impact of these factors. They increas-
ingly recognized that people responded to various environments, both natural and
built, in predictable ways. Some environments were alienating, disorientating, or
even sickening, whereas others were attractive, restorative, and even salubrious.

A third development in modern environmental health was the continued
integration of ecology with human health, giving rise to a field called ecohealth.
Ancient wisdom in many cultures had recognized the relationships between the
natural world and human health and well-being. But with the emergence of for-
mal complex systems analysis and modern ecological science, the understanding
of ecosystem function advanced greatly (sece Chapter One). As part of this advance
the role of humans in the context of ecosystems was better and better delineated.
On a global scale, for example, the concept of carrying capacity (Wackernagel and
Rees, 1995) helped clarify the impact of human activity on ecosystems and per-
mitted evaluation of the ways ecosystem changes, in turn, affected human health
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and well-being (Rappaport and others, 1999; McMichael, 2001; Aron and Patz,
2001; Martens and McMichael, 2002; Alcamo and others, 2003; Waltner-Toews,
2004; Brown, Grootjans, Ritchie, and Townsend, 2003). Ecological analysis was
also applied to specific areas relevant to human health. For example, there were
advances in medical botany (Lewis and Elvin-Lewis, 2003; van Wyk and Wink,
2004), in the understanding of biodiversity and its value to human health (Grifo
and Rosenthal, 1997; Chivian and Bernstein, 2008) and in the application of
ecology to clinical medicine (Aguirre and others, 2002; Ausubel with Harpignies,
2004). These developments, together, reflected a progressive synthesis of ecologi-
cal and human health science, yielding a better understanding of the foundations
of environmental health.

A fourth feature of modern environmental health was the expansion of
health care services related to environmental exposures. Occupational medicine
and nursing had been specialties in their respective professions since the early
twentieth century, with a traditional focus on returning injured and ill workers
to work and, to some extent, on preventing hazardous workplace exposures. In
the last few decades of the twentieth century, these professional specialties incor-
porated a public health paradigm, drawing on toxicological and epidemiological
data, using industrial hygiene and other primary prevention approaches, and
engaging in worker education (see Chapter Twenty-Seven). In addition, the occu-
pational health clinical paradigm was broadened to include general environmen-
tal exposures. Clinicians began focusing on such community exposures as air
pollutants, radon, asbestos, and hazardous wastes, emphasizing the importance
of taking an environmental history, identifying at-risk groups, and providing both
treatment and preventive advice to patients. Professional ethics expanded to rec-
ognize the interests of patients (both workers and community members) as well
as those of employers, and in some cases even the interests of unborn generations
and of other species (see Chapter Seven). Finally, a wide range of alternative and
complementary approaches—some well outside the mainstream—arose in occu-
pational and environmental health care. For example, an approach known as
clinical ecology postulated that overloads of environmental exposures could impair
immune function, and offered treatments including “detoxification,” antifungal
medications, and dietary changes purported to prevent or ameliorate the effects
of environmental exposures (Randolph, 1976, 1987; Rea, 1992-1998).

Environmental health policy also emerged rapidly. With the promulgation of
environmental laws beginning in the 1960s, federal and state officials created
agencies and assigned them new regulatory responsibilities (see Chapter Thirty).
These agencies issued rules that aimed to reduce emissions from smokestacks,
drainpipes, and tailpipes; control hazardous wastes; and achieve clean air and
water. Although many of these laws were oriented to environmental preservation,
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the protection of human health was often an explicit rationale as well. Ironically, the
new environmental regulations created a schism in the environmental health field.
Responsibility for environmental health regulation had traditionally rested with
health departments, but this was now transferred to newly formed environmen-
tal departments. At the federal level, the U.S. Environmental Protection Agency
(EPA) assumed some of the traditional responsibilities of the Department of
Health, Education, and Welfare (now Health and Human Services), and corre-
sponding changes occurred at the state level. Environmental regulation and health
protection became somewhat uncoupled from each other.

Environmental regulatory agencies increasingly attempted to ground their
rules in evidence, using quantitative risk assessment techniques (see Chapter
Twenty-Nine). This signaled a sea change in regulatory policy. The traditional
approach had been simpler; dangerous exposures were simply banned. For exam-
ple, the 1958 Delaney clause, an amendment to the 1938 federal Food, Drug,
and Cosmetic Act, banned carcinogens in food. In contrast, emerging regula-
tions tended to set permissible exposure levels that took into account anticipated
health burdens, compliance costs, and technological feasibility. Moreover, regula-
tions tended to assign the burden of proof of toxicity to government regulators.
As the scientific and practical difficulties of this approach became clear in the late
twentieth century, an alternative approach emerged: assigning manufacturers the
burden of proving the safety of a chemical. Based philosophically in the precaution-
ary principle (see Chapter Twenty-Six), this approach was legislated in Europe as
part of the European Union’s REACH (Registration, Evaluation, Authorisation
and Restriction of Chemical substances) initiative, which entered into force in
2007 (European Commission, 2009).

At the dawn of the twenty-first century, then, while traditional sanitarian
functions remained essential, the environmental health field had moved well
beyond its origins. Awareness of chemical toxicity had advanced rapidly, fueled
by discoveries in toxicology and epidemiology. At the same time, the complex
relationships inherent in environmental health—the effects of environmental con-
ditions on human psychology, and the links between human health and ecosystem
function—were better and better recognized. In practical terms, clinical services
in environmental health had developed, and regulation had advanced through a
combination of political action and scientific evidence.

Emerging Issues

Environmental health is a dynamic, evolving field. Looking ahead, we can identify
at least five trends that will further shape environmental health: environmental
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justice, a focus on susceptible groups, scientific advances, global change, and
moves toward sustainability.

Beginning around 1980, African American communities identified exposures
to hazardous waste and industrial emissions as matters of racial and economic
justice. Researchers documented that these exposures disproportionately affected
poor and minority communities, a problem that was aggravated by disparities in
the enforcement of environmental regulations. The modern environmental justice
movement was born, a fusion of environmentalism, public health, and the civil
rights movement (Bullard, 1994; Cole and Foster, 2000; see also Chapter Eight).
Historians have observed that environmental justice represents a profound shift in
the history of environmentalism (Shabecoff, 1993; Gottlieb, 1993; Dowie, 1995).
This history is commonly divided into waves. The first wave was the conserva-
tion movement of the early twentieth century, the second wave was the militant
activism that blossomed in 1970 on the first Earth Day, and the third wave was
the emergence of large, “inside-the-beltway” environmental organizations such
as the Environmental Defense Fund, the League of Conservation Voters, and
the Natural Resources Defense Council, which had gained considerable policy
influence by the 1980s. Environmental justice, then, represents a fourth wave, one
that is distinguished by its decentralized, grassroots leadership, its demographic
diversity, and its emphasis on human rights and distributive justice. The vision of
environmental justice—eliminating disparities in economic opportunity, healthy
environments, and health—is one that resonates with public health priorities. It
emphasizes that environmental health extends well beyond technical solutions to
hazardous exposures to include human rights and equity as well. It is likely that
this vision will be an increasingly central part of environmental health in coming
decades.

Environmental justice is one example of a broader trend in environmental
health—a focus on susceptible groups. For many reasons, specific groups may be espe-
cially vulnerable to the adverse health effects of environmental exposures. In the
case of poor and minority populations, these reasons include disproportionate
exposures, limited access to legal protection, limited access to health care, and
in some cases compromised baseline health status (see Chapter Eight). Children
make up another susceptible population, for several reasons (see Chapter Twenty-
Five). They eat more food, drink more water, and breathe more air per unit of
body weight than adults do and are therefore heavily exposed to any contaminants
in these media. Children’s behavior—crawling on floors, placing their hands in
their mouths, and so on—further increases their risk of exposure. With develop-
ing organ systems and immature biological defenses, children are less able than
adults to withstand some exposures. And with more years of life ahead of them,
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children have more time to manifest delayed toxic reactions (National Research
Council, Committee on Pesticides in the Diets of Infants and Children, 1993).
These facts have formed the basis for research and public health action on chil-
dren’s environmental health.

Women bear some specific environmental exposure risks, both in the work-
place and in the general environment, due both to disproportionate exposures
(for example, in health care jobs) and to unique susceptibilities (for example, to
reproductive hazards). Elderly people also bear some specific risks, and as the
population ages, this group will attract further environmental health attention. For
example, urban environments will need to take into account the limited mobility
of some elderly people and provide ample sidewalks, safe street crossings, and
accessible gathering places to serve this population. People with disabilities, too,
require specific environmental health attention to minimize the risks they face. In
coming decades environmental health will increasingly take account of suscep-
tible groups as the risks they face and their needs for safe, healthy environments
become better recognized.

A third set of emerging issues in environmental health grows out of scientific
advances. In toxicology better detection techniques have already enabled us to rec-
ognize and quantify low levels of chemical exposure and have supported major
advances in the understanding of chemical effects (see Chapter Two). Innovative
toxicological approaches, including physiologically based pharmacokinetic mod-
eling (PBPK) (Kim and Nylander-French, 2009) and high-throughput computa-
tional techniques (Schoonen, Westerink, and Horbach, 2009; Nigsch, Macaluso,
Mitchell, and Zmuidinavicius, 2009), offer rapid insights into chemical toxicity.
Advances in data analysis techniques have supported innovative epidemiologi-
cal analyses and the use of large databases. In particular the use of geographic
information systems (GISs) has yielded new insights on the spatial distribution of
environmental exposures and diseases (see Chapter Twenty-Eight). Perhaps the
most promising scientific advances are occurring at the molecular level, in the
linked fields of genomics, toxicogenomics, epigenetics, and proteomics (Schmidt,
2003; Pognan, 2004; Waters and Fostel, 2004; Li, Aubrecht, and Fornace, 2007;
Reamon-Buettner, Mutschler, and Borlak, 2008; see also Chapter Six). New
genomic tools such as microarrays (or gene chips) have enabled scientists to
characterize the effects of chemical exposures on the expression of thousands of
genes. Databases of genetic responses, and the resulting protein and metabolic
pathways, will yield much information on the effects of chemicals and on the
variability in responses among different people. Scientific advances related to
environmental health will have profound effects on the field in coming decades.

Moving from the molecular scale to the global scale, a fourth set of
emerging environmental health issues relates to global change. This broad term
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encompasses many trends, including population growth, climate change, urban-
ization, changing patterns of energy use, and the increasing integration of the
world economy (Friedman, 2008). These trends will shape environmental health
In many ways.

The world population is now approximately 6.5 billion and is expected to
plateau at roughly 9 billion during the twenty-first century (see Chapter Nine).
Most of this population growth will occur in developing nations, and much of it
will be in cities. Not only this population growth but also the increasing per capita
demand for resources such as food, energy, and materials will strain the global
environment (Brown, 2008), in turn affecting health in many ways. For example,
environmental stress and resource scarcity may increasingly trigger armed con-
flict, an ominous example of the links between environment and health (Homer-
Dixon, 1999; Klare, 2001; Friedman, 2008). Global climate change, which results
in large part from increasing energy use (see Chapter Thirteen), will threaten
health in many ways, from infectious disease risks to heat waves to severe weather
events (see Chapter Ten). As more of the world’s population is concentrated in
dense urban areas, features of the urban environment—noise, crowding, vehicu-
lar and industrial pollution—will come to be important determinants of health
(United Nations Centre on Human Settlements, 2001; see also Chapter Fourteen).
And with integration of the global economy—through the complex changes
known as globalization—hazards will cross national boundaries (Ives, 1985; see
also Chapter Eleven), trade agreements and market forces will challenge and
possibly undermine national environmental health policies (Low, 1992; Runge,
1994; Brack, 1998; Nordstrom and Vaughan, 1999), and global solutions to envi-
ronmental health challenges will increasingly be needed (Huynen, Martens, and
Hilderink, 2005).

Sustainability has been a part of the environmental health vernacular since
the 1980s. In 1983, the United Nations formed the World Commission on
Environment and Development to propose strategies for sustainable develop-
ment. The commission, chaired by then Norwegian prime minister Gro Harlem
Brundtland, issued its landmark report, Our Common Future, in 1987. The report
included what has become a standard definition of sustainable development:
“development that meets the needs of the present without compromising the abil-
ity of future generations to meet their own needs.” In 1992, several years after the
publication of Our Common Future, the United Nations Conference on Environment
and Development (UNCED), commonly known as the Earth Summit, convened
in Rio de Janeiro. This historic conference produced, among other documents,
the Rio Declaration on Environment and Development, a blueprint for sustaina-
ble development. The first principle of the Rio declaration placed environmental
health at the core of sustainable development: “Human beings are at the centre
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of concerns for sustainable development. They are entitled to a healthy and pro-
ductive life in harmony with nature” (United Nations, 1992).

Like environmental justice the concept of sustainable development blends
environmental protection with notions of fairness and equity. As explained on the
Web site of the Johannesburg Summit, held ten years after the Earth Summit:

The Earth Summit thus made history by bringing global attention to the
understanding, new at the time, that the planet’s environmental problems
were intimately linked to economic conditions and problems of social justice.
It showed that social, environmental and economic needs must be met in bal-
ance with each other for sustainable outcomes in the long term. It showed
that if people are poor, and national economies are weak, the environment
suffers; if the environment is abused and resources are over consumed,
people suffer and economies decline. The conference also pointed out that
the smallest local actions or decisions, good or bad, have potential world-
wide repercussions [United Nations Department of Economic and Social
Affairs, 2006].

The concept of sustainability has emerged as a central theme, and challenge,
not only for environmentalism but for environmental health as well. In the short
term, sustainable development will permit improvement in the living conditions
and therefore the health of people across the world, especially in the poor nations.
In the long term, sustainable development will protect the health and well-being
of future generations. Some of the most compelling thinking in environmental
health in recent years offers social and technical paths to sustainable develop-
ment (Hawken, Lovins, and Lovins, 1999; Brown, 2001, 2008; McDonough and
Braungart, 2002; Ehrlich and Ehrlich, 2004; Brown and others, 2005; Anastas
and Beach, 2007). These approaches build on the fundamental links among
health, environment, technological change, and social justice. Ultimately, they
will provide the foundation for lasting environmental health.

SPATIAL SCALES, FROM GLOBAL TO LOCAL

The concept of spatial scale is central to many disciplines, from geography to
ecology to urban planning. Some phenomena unfold on a highly local scale—
ants making a nest, people digging a septic tank. Some phenomena spread
across regions—the pollution of a watershed from an upstream factory, the
sprawl of a city over a 100-mile diameter. And some phenomena, such as cli-
mate change, are truly global in scale. Al Gore, in describing environmental
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destruction in his 1992 book, Earth in the Balance, borrowed military categories
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to make this point, distinguishing among “local skirmishes,” “regional battles,”
and “strategic conflicts.”

Spatial scale is important not only in military and environmental analysis
but also in environmental health. Some environmental factors that affect health
operate locally, and the environmental health professionals who address these
factors work on a local level; think of the restaurant and septic tank inspectors
who work for the local health department or the health and safety officer at a
manufacturing facility. Other environmental factors affect health at a regional
level, and the professionals who address these problems work on a larger spatial
scale; think of the state officials responsible for enforcement of air pollution or
water pollution regulations. At the global level such problems as climate change
require responses on the national and international scales. These responses are
crafted by professionals in organizations such as the World Health Organization
and the Intergovernmental Panel on Climate Change. So useful is the concept
of spatial scales in environmental health that it provides the framework for this
book. After introducing the methods and paradigms of environmental health
in the first eight chapters, we address specific issues, beginning with global scale
problems in Chapters Nine to Eleven, moving to regional scale problems in
Chapters Twelve to Fifteen, and ending with local problems in Chapters Sixteen
to Twenty-Iive. The final seven chapters (Chapters Twenty-Six to Thirty-Two)
describe the practice of environmental health, ranging from the use of tools such
as geographic information systems to activities such as risk communication and
health care services.

It is clear that environmental health professionals work on different spatial
scales, but it is not always so clear who is an environmental health professional.
Certainly, the environmental health director at a local health department; the
director of environment, health, and safety at a manufacturing firm; an envi-
ronmental epidemiology researcher at a university; or a physician working for
an environmental advocacy group would self-identify and be recognized by
others as an environmental health professional. But many other people work
in fields that have an impact on the environment and human health. The
engineer who designs power plants helps to protect the respiratory health of
asthmatic children living downwind if she includes sophisticated emissions
controls. The transportation planner who enables people to walk instead of
drive also protects public health by helping to clean up the air. The park super-
intendent who maintains urban green spaces may contribute greatly to the
well-being of people in his city. In fact much of environmental health is deter-
mined by “upstream” forces that seem at first glance to have little to do with
environment or health.
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THE FORCES THAT DRIVE ENVIRONMENTAL HEALTH

Public health professionals tell the emblematic story of a small village perched
alongside a fast-flowing river. The people of the village had always lived near the
river, they knew and respected its currents, and they were skilled at swimming,
boating, and water rescue. One day they heard desperate cries from the river and
noticed a stranger being swept downstream past their village. They sprang into
action, grabbed their ropes and gear, and pulled the victim from the water. A few
minutes later, as they rested, a second victim appeared, thrashing in the strong
current and gasping for breath. The villagers once again performed a rescue. Just
as they were remarking on the coincidence of two near drownings in one day, a
third victim appeared, and they also rescued him. This went on for hours. Every
available villager joined in the effort, and by mid-afternoon all were exhausted.
Finally, the flow of victims stopped, and the villagers collapsed, huffing and puff-
ing, in the town square.

Just at that moment another villager strode whistling into the town square,
relaxed and dry. He had not been seen since the first victims were rescued and had
not helped with any of the rescues. “Where were you?” his neighbors demanded of
him. “We’ve been pulling people out of the river all day! Why didn’t you help us?”

“Ah,” he replied. “When I noticed all the people in the river, I thought there
must be a problem with that old footbridge upstream. I walked up to it, and sure
enough, some boards had broken and there was a big hole in the walkway. So I
patched the hole, and people stopped falling through.”

PERSPECTIVE
A Prevention Poem: A Fence or an Ambulance

Like the story of the villagers who saved drowning victims, this poem emphasizes that
prevention may lie with root causes. These root causes are often environmental—like
the hole in the village’s bridge or, in this case, an unguarded cliff edge.

"Twas a dangerous cliff, as they freely confessed,
Though to walk near its crest was so pleasant;
But over its terrible edge there had slipped

A duke, and full many a peasant;




INTRODUCTION XLVII

Upstream thinking has helped identify the root causes of many public
health problems, and this is nowhere more true than in environmental health.
Environmental hazards sometimes originate far from the point of exposure.
Imagine that you inhale a hazardous air pollutant. It may come from motor
vehicle tailpipes, from power plants, from factories, or from any combination of
these. As for the motor vehicle emissions, the amount of driving people do in your
city or town reflects urban growth patterns and available transportation alterna-
tives, and the pollutants generated by people’s cars and trucks vary with available
technology and prevailing regulations. As for the power plants, the amount of
energy they produce reflects the demand for energy by households and businesses
in the area they serve, and the pollution they emit is a function of how they pro-
duce energy (are they coal, nuclear, or wind powered?), the technology they use,
and the regulations that govern their operations. Hence a full understanding of
the air pollutants you breathe must take into account urban growth, transporta-
tion, energy, and regulatory policy, among other upstream determinants. This
book contains chapters on many of the upstream forces that affect environmental
health, including population growth, transportation, and energy.

These ideas are at the core of a useful model created by the World Health
Organization, Regional Office for Europe (2004) (see Figure I.1). The DPSEEA
(driving forces-pressures-state-exposure-effects-actions) model was developed as
a tool both for analyzing environmental health hazards and for designing indica-
tors useful in decision making. The driving forces are the factors that motivate
environmental health processes. In our air pollution example, these factors might

So the people said something would have to be done,
But their projects did not at all tally.
Some said: “Put a fence round the edge of the cliff;”

Some, “An ambulance down in the valley.”

But the cry for the ambulance carried the day,
For it spread through the neighboring city.
A fence may be useful or not, it is true,

But each heart became brimful of pity
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PERSPECTIVE (Continued)
For those who slipped over that dangerous cliff;
And dwellers in highway and alley,
Gave pounds or gave pence, not to put up a fence,

But an ambulance down in the valley.

(For the cliff is all right if you’re careful,” they said,
“And if folks even slip and are dropping,
It isn’t the slipping that hurts them so much
As the shock down below when they’re stopping.”
So day after day as those mishaps occurred,
Quick forth would those rescuers sally,
To pick up the victims who fell off the cliff

With the ambulance down in the valley.

Then an old sage remarked, “It’s a marvel to me
That people gave far more attention

To repairing results than to stopping the cause,
When they’d much better aim at prevention.

Let us stop at its source all this mischief,” cried he;
“Come, neighbors and friends, let us rally;

If the cliff we will fence, we might also dispense

With the ambulance down in the valley.”

“Oh he’s a fanatic,” the others rejoined;

“Dispense with the ambulance? Never!
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He’d dispense with all charities too if he could.
No, no! We'll support them forever!

Aren’t we picking up folks just as fast as they fall?
And shall this man dictate to us? Shall he?

Why should people of sense stop to put up a fence

While their ambulance works in the valley?”

But a sensible few who are practical too,
Will not bear with such nonsense much longer.
They believe that prevention is better than cure;
And their party will soon be the stronger.
Encourage them, then, with your purse, voice, and pen,
And (while other philanthropists dally)
They will scorn all pretense and put a stout fence

On the cliff that hangs over the valley.

Better guide well the young than reclaim them when old,
For the voice of true wisdom is calling;

To rescue the fallen is good, but it’s best
To prevent other people from falling;

Better close up the source of temptation and crime
Than deliver from dungeon or galley;

Better put a strong fence ‘round the top of the cliff,

Than an ambulance down in the valley.

—Joseph Malins (1895)
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FIGURE 1.1 The DPSEEA Model

Driving
forces

Source: WHO, Regional Office for Europe, 2004.

include population growth; consumer preferences for energy-consuming homes,
appliances, and vehicles; and sprawl that requires traveling over long distances.
The driving forces result in pressures on the environment, such as the emission
of oxides of nitrogen, hydrocarbons, particulate matter, and other air pollutants.
These emissions, in turn, modify the state of the environment, accumulating in
the air and combining to form additional pollutants such as ozone. However, this
deterioration in the state of the environment does not invariably threaten health;
human exposure must occur. In the case of air pollutants, exposure occurs when
people are breathing when and where the air quality is low. (Some people, of
course, sustain higher exposures than others; an outdoor worker, an exercising
athlete, or a child at play receives relatively higher doses of air pollutants than a
person in an air-conditioned office.) The hazardous exposure may lead to a vari-
ety of health effects, acute or chronic. In the case of air pollutants, these effects
may include coughing and wheezing, asthma attacks, heart attacks, and even early
death. The DPSEEA model is further discussed in Chapter Twenty-Six, where it
1s linked with concepts of prevention.
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Finally, to eliminate or control environmental hazards and protect human
health, society may undertake a wide range of actions, targeted at any of the
upstream steps. For example, protecting the public from the effects of air pollution
might include encouraging energy conservation to reduce energy demand and
designing live-work-play communities to reduce travel demand (addressing driving
forces), providing mass transit or bicycle lanes to reduce automobile use, requir-
ing emissions controls on power plants or investing in wind turbines to reduce
emissions from coal-fired power plants (addressing pressures), requiring low-sulfur
fuel (addressing the state of the environment), warning people to stay inside when
ozone levels are high (addressing exposures), and providing maintenance asthma
medications (addressing health effects). The most effective long-term actions, how-
ever, are those that are preventive, aimed at eliminating or reducing the forces that
drive the system (see Chapter Twenty-Six). This theme is universal in public health,
applying both to environmental hazards and to other health hazards.

CONFLICTS OF INTEREST

In recent years, increasing attention has been focused on integrity in scientific
publishing. A principal stimulus to this concern has been the pharmaceutical
industry. Editors of such prominent medical journals as the Lancet, the New England
Journal of Medicine, and the British Medical Journal have lamented the relationship
between the pharmaceutical industry and medical journals (Smith, 2005), and
empirical research has demonstrated an association between funding source and
pharmaceutical research findings (Lexchin, Bero, Djulbegovic, and Clark, 2003).
Certainly, environmental health experiences many of the same pressures as the
pharmaceutical sector, and conflicts of interest must be recognized as a real con-
cern 1n this field too.

Conflicts of interest have been defined as “conditions in which professional
judgment concerning a primary interest (such as a patient’s welfare or the valid-
ity of research) tends to be unduly influenced by a secondary interest (such as
financial gain)
derail the quest for truth, have a corrosive effect on scientific data (Bekelman,
Li, and Gross, 2003), and undermine public faith in science (Friedman, 2002;
Kennedy, 2004).

Those who publish or report on science have increasingly tackled the
challenge of conflicts of interest (Maurissen and others, 2005). Transparency
1s a leading solution, recalling Justice Brandeis’s adage that “Sunshine is the

2

(Thompson, 1993). Conflicts of interest, real or perceived, can
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best disinfectant.” Most medical journals now require disclosures of poten-
tial conflicts of interest when publishing papers (Krimsky and Rothenberg,
2001; Ancker and Flanagin, 2007). (Examples of such conflicts are discussed
in Campbell, 2001; Davidoff and others, 2001; DeAngelis and others, 2001.)
Such disclosures serve a purpose; they inform readers’ views of what they read
(Chaudhry, Shroter, Smith, and Morris, 2002). Many (but not enough) reports
of scientific results in the popular media now mention funding sources (Cook,
Boyd, Grossman, and Bero, 2007). Many universities require faculty to disclose
potential conflicts of interest (Boyd and Bero, 2000). But it is rare for textbooks
to adopt such procedures. This omission is curious given the wide readership of
textbooks, the tendency of textbook chapters to draw broad conclusions, and
the fact that student readers may be rather impressionable.

The second edition of Environmental Health: From Global to Local has addressed
this concern by asking each chapter author to report real or perceived conflicts of
interest. Following excellent guidelines from a Natural Resources Defense Council
workshop (Sass, 2009) and major journals, each author of each chapter was asked
to disclose relationships occurring during the last three years, currently active, or
reasonably anticipated to occur in the foreseeable future “with companies that
make or sell products or services discussed in the chapter, companies that make
or sell related products or services, and other pertinent entities with an interest in
the topic, specifying the type of relationship.” These relationships were defined
as including (but not limited to)

Grant support

Employment (past, present, or firm offer of future)

Stock ownership or options

Payment for serving as an expert witness or giving testimony

Personal financial interests on the part of the author, immediate family mem-
bers, or institutional affiliations that might gain or lose financially through
publication of the chapter

Other forms of compensation, including travel funding, consultancies, hono-
raria, board positions, and patent or royalty arrangements

Employment by a for-profit, nonprofit, foundation, or advocacy group

Each author’s declaration appears at the bottom of the first text page of his
or her chapter. I am not aware of another major textbook that has implemented
such a policy. I hope this helps to ensure the integrity of every chapter in this book
and becomes more common in scientific textbooks in coming years.
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ECOLOGY AND
ENVIRONMENTAL HEALTH

BRUCE WILCOX

HOLLY JESSOP

KEY CONCEPTS

B Ecology is a rigorous scientific discipline in which the interactions between bio-
logical organisms and their biotic and abiotic environments can be quantified
and described; from this information predictions can be made and hypotheses
tested.

B Humans exist within, and are not separate from, ecosystems and ecological
interactions.

B Ecosystem functioning is driven by material and energy cycles, as biological and
physical components interact both hierarchically and in circular feedback loops.
As human activities alter these flows, the pace of global climate change increases,
with concomitant public health impacts.

B Ecosystem functioning affects whether toxins and pathogens in the environment
are broken down or concentrated and whether they may lead to environmental
health risks.
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B Biodiversity strongly influences ecosystem functioning, such as system capac-
ity to regulate weather, break down hazardous agents, provide physical buffers
against environmental disasters, and be resilient under both human and natural
stresses.

B Populations have minimum size limits, set primarily by availability of resources
and intrinsic characteristics. Below these limits they are easily extinguished by
chance events. Populations also have maximum size limits, set primarily by extrin-
sic environmental factors.

B Abnormally rapid rates of environmental change, driven primarily by human
population growth and unplanned development and overexploitation of natural
resources, are altering ecological systems on an unprecedented scale. Among
the environmental health consequences are emerging and reemerging infectious
diseases.
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HIS chapter introduces the science of ecology, its general principles,

and the relevance of these principles to environmental health. Ecology

is defined as the study of the interactions between organisms and
their environments, including both the living (biotic) and nonliving (abiotic)
components.

Ecology involves subject matter that is often readily observable and evident
all around us. From the moment of birth, each of us interacts with the environ-
ment. We begin our life’s journey by developing relationships both with other
humans and with nonhuman organisms and by engaging in interactions with our
physical surroundings.

Most ecologists study wildlife, wetlands, forests, fisheries, or parts of these and
other natural systems. The concepts and principles that make up the ecological
sciences deal with how nature works. Nearly everybody at one time or another
actively observes and even ponders nature, making almost everybody an ecolo-
gist of sorts. This is true even for someone who has lived entirely in an urban
environment. Ecology is also a broad scientific discipline. In fact the development
of ecological thought has involved subsuming numerous ideas from such other
sciences as geology, physics, sociology, and economics.

In spite of our intimate connections with the environment and awareness
of nature, our processes of determining the scientific concepts of ecology are
not always intuitive—and this is just as true when we are working in physics and
economics. Every organism interacts with a multitude of other organisms, con-
tributes to the flow of energy and materials (the currency of ecological systems),
and responds to the physical environment in myriad subtle ways. We humans, the
most conscious species, are unconscious of most of the ways in which we influ-
ence and are influenced by our environment; they are in effect invisible to us. For
example, most people know little of the organisms and processes that underlie the
ecological systems responsible for the oxygen we breathe, the water we use, the
food we eat, and the infectious illnesses we contract.

It would take a book at least as big as this one to describe thoroughly the
ecological basis of human health and well-being. This chapter focuses on the
ecological concepts and principles most relevant to human health and the ways
in which they can help us understand specific environmental health problems.
Before proceeding, let us briefly consider the purpose, approaches, and perspec-
tives encompassed by the field of ecology.

Bruce A. Wilcox and Holly Jessop declare no competing financial interests.
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THE FIELD OF ECOLOGY

Ecology aims to understand how natural systems such as plant and animal com-
munities are organized and function. This includes investigating the subsystems
and other parts of natural systems, the relationships among them, and the proc-
esses at and above the level of the individual organism that allow biological sys-
tems to persist and evolve as dynamic entities. Modern ecology emerged from the
study of matural history, which focused primarily on compiling descriptions
and catalogues of plants and animals and which generally considered biological
systems (including species) to be static entities. After Charles Darwin’s On the Origin
of Species was published in 1859, the fact that living organisms undergo change
through the process of natural selection began to be incorporated into ecologi-
cal study of the dynamics of natural systems. Thus ecology and evolutionary
biology are closely allied and are considered one field by many biologists.

In fact Ernst Haeckel, the German zoologist (and Darwin’s contemporary)
who coined the term ecology in 1866, was an interpreter of Darwin’s work. Haeckel
created the new term to draw attention to the study of organisms in their environ-
ments, in contrast to their study only in the laboratory: the eco in ecology (from
the Greek word oikos) means “home” or “place of dwelling” (Keller and Golley,
2000).

Although ecology developed during the nineteenth and twentieth centuries
as a natural science, many of its concepts and principles have been applied to
other fields, ranging from human social development (Bronfenbrenner, 1979) to
social and cultural systems (Park, 1952; Bennett, 1993) and to epidemiology (Last,
1998). Also the traditional focus on the study of natural systems such as forests,
grasslands, wetlands, rivers, lakes, and oceans has increasingly been extended
beyond purely natural systems. For example, the application of ecological think-
ing began expanding by the mid-twentieth century to encompass human-built and
“hybrid” human-natural systems such as cities and cultivated landscapes (Nevah
and Lieberman, 1994). Recently, a social-ecological systems perspective
(Berkes, Colding, and Folke, 2003) and resilience theory (Gunderson and
Holling, 2002) have developed within the field of ecology to deal explicitly with
humans and nature as a single, integrated, and complex system. This integrative
approach to understanding living systems has been found necessary to meaning-
fully address issues such as sustainability, a concept that implies the dependence
of human health and well-being on healthy ecosystems. In this way ecology has
become as much a worldview as a scientific discipline (Keller and Golley, 2000).

Ecology 1s built on three different but complementary perspectives often con-
sidered its major subdisciplines: ecosystem ecology, community ecology,
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and population ecology (Begon, Harper, and Townsend, 2008). In addition,
landscape ecology helps link these concepts across different scales, especially in
applied contexts. The fundamentals of the three main subdisciplines of ecology
are summarized in the following section. These and other lines of ecological
research are then further discussed in the context of specific environmental health
challenges.

Ecosystems, Communities, and Populations

Ecosystem ecology stresses energy flows and material cycles, including the ways
in which energy and materials are modified by human activities. It aims to under-
stand how energy and materials (such as water, carbon, nitrogen, phosphorus, and
other elements) essential to growth and metabolism—f{rom the organism level to
the entire ecosystem—flow in, out, and through and are compartmentalized and
transformed.

The ecosystem is in many ways the most important concept and functional
entity in ecology, much as the cell is in physiology. An ecosystem is formed by the
interactions of living organisms with their physical environment. Much as partic-
ular kinds of cells make up tissues and organ systems, various kinds of ecosystems
make up Earth’s living environmental systems. Collectively, these ecosystems con-
stitute the biosphere, a central concept in ecology. The biosphere is the largest
known ecosystem, in which all other ecosystems are embedded; it consists of all
the Earth’s living organisms interacting with the physical environment.

Understanding the idea of the biosphere and its development is fundamental
to understanding life on Earth and the dependence of our health and well-being
on natural systems. For example, it is critically important to understanding envi-
ronmental health issues such as global climate change. Remarkably, its original
conception a century ago included many insights relevant to environmental health
today, such as recognition of the risks as well as benefits of an economy based on
fossil fuels (such as coal, petroleum, and natural gas) and associated synthetic com-
pounds (such as plastics, pharmaceuticals, and pesticides). The biosphere concept
also highlighted the ubiquitous character of life in the form of microorganisms,
occurring everywhere and within every living thing. Indeed, microorganisms con-
stitute most of the free-living biomass on Earth, driving or regulating the biogeo-
chemical cycles that make the biosphere possible, and forming an integral part of
the ecology of every living organism. For example, every human supports hun-
dreds of species of known microorganisms (mainly bacteria and viruses), ranging
from the beneficial bacterial flora of our gastrointestinal tracts (without which we
could not live) to the harmful influenza viruses that can cause disease.
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PERSPECTIVE
The Biosphere

The term biosphere was coined in 1885 by the pioneering nineteenth-century earth
scientist Eduard Suess. The idea was expanded and elaborated by Vladimir Vernadsky
in 1925 in an extraordinary two-volume essay, Biosphera. As well described by
Vaclav Smil (2002), Vernadsky presented a number of the key ideas that make up
modern ecology as well as the earth sciences, such as the idea that balanced carbon
exchange between the Earth’s surface and atmosphere contributes to our planet’s
habitability. His idea led to the discovery that this balance is changing, due primarily
to anthropogenic burning of fossil fuels and deforestation, which in turn is con-
tributing to changes in the Earth’s climate system. (The myriad direct and indirect
effects of global climate change on health are discussed in Chapter Ten.)

What is the biosphere and how does it relate to ecological understanding? The
biosphere is the layer of living matter—microbes, plants, and animals—that has
been described as a “film” on the surface of the planet. It is sandwiched between
the relatively thick lithosphere (the outer rocky layer of Earth) and the troposphere
(the lowermost portion of the Earth’s atmosphere). Life penetrates rocks and also
the ocean depths and the highest mountain peaks where only tiny microorganisms
adapted to extreme environmental conditions can exist. However, it is only within
a relatively narrow zone of the biosphere that the transformation of solar energy
through photosynthesis is possible.

Organisms have not only developed and adapted to conditions within the
Earth’s biosphere. They have also created the biological and physical conditions
of the biosphere. For example, the original environment on the Earth’s surface
would have been completely uninhabitable and fatal to most organisms living on
the Earth today. However, the evolution of photosynthesizing organisms, which
generate oxygen, ultimately led to today’s atmosphere. Such modifications to the
biosphere have allowed subsequent life forms to evolve, survive, and even flourish.
Indeed, many contemporary life forms, including humans, now depend on the
oxygen generated by photosynthesis. And without today’s protective tropospheric
shield, very few kinds of organisms could survive the intense ultraviolet radiation
and temperature extremes that would otherwise exist on the Earth’s surface.

As a central paradigm in ecology, the biosphere provides us with a way of
thinking about life framed in a large view, along with an understanding of the proc-
esses that make it possible for life to have evolved and to survive on Earth. Today
we call this a systems view, with the Earth seen as a single unit of interacting living
and nonliving parts and related processes. The idea of the biosphere provides the
framework that allows us to begin to make sense of the complexity of human-nature
interactions. The idea of the biosphere also links directly to the idea of the ecosystem,
which is central to understanding the ecological basis of environmental health.




ECOLOGY AND ENVIRONMENTAL HEALTH 9

TABLE 1.1 The Major Subdisciplines of Ecology

Subdiscipline Focus

Ecosystem ecology Whole systems view; ecosystem as unit of
study; emphasis on energy and material
cycles.

Community ecology Interactions of species; emphasis on spe-

cies’ composition and diversity.

Population ecology Population-level processes; emphasis on
population dynamics and regulation, and
on interspecies interactions.

The other two major branches of ecology view nature from the perspective of
component parts above the level of species that make up ecosystems. Community
ecology deals with ecological communities, which are defined as assemblages of inter-
acting plants, animals, and microbes coexisting in a particular location. Its aim is
to understand the factors and mechanisms that determine the composition and
diversity of species found in a particular place. Community and ecosystem ecolo-
gies overlap. However, community ecology focuses less on energy and material
transfers and more on processes and factors that determine species’ composition
and diversity.

Population ecology attempts to explain the dynamics of species populations
and interactions among species as well as relationships between species and their
physical environment. The overlap of community ecology and population ecology
becomes apparent when we consider that interspecies interactions—competition,
predation, and parasitism—are some of the key determinants by which species
coexist in a particular place (that is, make up a community).

In sum, ecosystem ecologists are mainly interested in how ecosystems are
organized and function, community ecologists in why communities have the
number and assortment of species that they do, and population ecologists in what
determines the abundance and distribution of a species. The perspectives and
research foci of the major subdisciplines of ecology are summarized in Table 1.1.

Core Questions of Ecology

The subdisciplines of ecology are complementary. All address an overarching
question that has motivated natural historians and ecologists from the begin-
ning: what determines why and how ecological systems form, species assemblages
develop, and populations survive in the environments that they do? Scientists
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began focusing on this question in earnest beginning with Alfred Russell Wallace,
Darwin’s contemporary and a codiscoverer of the principle of evolution by natu-
ral selection. Wallace was the first (in a work published in 1876) to map the world’s
“zoogeographic realms,” comprehensive distributions of known animal species.
This in turn led generations of ecologists to investigate what determines the geo-
graphic distribution of major types of ecosystems and communities. In addition,
countless ecologists have studied individual species’ interactions with each other
and with the physical environment.

Certain critical features determine the character of ecosystems. Prime among
them are the amount of precipitation, the temperature, and the availability of soil
nutrients. These features in turn predict the kind of vegetation that grows, defin-
ing the major ecological zones, or biomes (Figures 1.1 and 1.2). Basically, biomes
are the world’s major geographic regions defined by characteristic ecosystem type.
Major biome types include tundra, boreal forest, temperate forest, tropical forest,
scrubland, grassland and savannah, and desert (Table 1.2); these are divided into
subtypes such as coniferous or deciduous forest, semiarid or tropical scrubland,
and so on. The traits of the organisms that make up a biome or ecosystem type
and the physical structure of the vegetation, including its height and density, are
responses to evolutionary and ecological constraints and to opportunities posed
largely by climate.

Local circumstances such as geology and landscape (topography) can also
have a strong influence on the ecosystem type that develops in an area. But even
these abiotic factors are ultimately shaped or determined in part by biological,
or biotic, factors. For example, the reshaping of rocks and landforms, or geo-
morphology, is partly a consequence of the interaction of vegetation cover
and rainfall. Vegetation influences not only rainfall but also the rates of erosion
in uplands and sedimentation in lowlands, including deposition of sediments and
soil downstream in river systems.

Understanding the internal workings of ecosystems related to these observed
biogeographic patterns has provided critical insights into the mechanisms underly-
ing a number of important environmental health problems. For example, not the
least of these is how changing human land use and industrial activity have altered
the natural cycling, storage, and release of carbon in its different forms (solid and
gaseous). The net decrease in carbon stored in ecosystems such as tropical forests
and the increase in carbon dioxide in the Earth’s atmosphere are key contributors
to global warming and its associated health impacts (discussed further in Chapter
Ten). Observing how different biomes and ecosystems vary in their organization,
functioning, and component organisms has also helped to reveal mechanisms
underlying other environmental health challenges. For example, studies of how
energy and matter are transferred from lower to higher levels in the food chains of



FIGURE 1.1 Map of Western Hemisphere Biomes
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Major biomes include desert, grassland, tropical rainforest, and taiga.
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FIGURE 1.2 “Cloud” Diagram of the Six Major Terrestrial
Biomes Plotted by Mean Annual Temperature (in Degrees F)
and Precipitation (in Inches)
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Source: Odum, 1993.

aquatic ecosystems explains such phenomena as biomagnification. As described
later, biomagnification can result in unsafe levels of toxins in seafood. Similarly,
studies of ecosystem “physiology” and discovery of factors that control biomass
production in aquatic ecosystems have helped to explain how nutrient pollution
can cause harmful algal blooms. Other research on the regulatory functions
of forest ecosystems has helped to explain how deforestation releases vectors and
pathogens from natural controls, leading to emerging infectious diseases.

ECOSYSTEM PROCESSES AND FUNCTIONING

Naturally mediated and regulated ecological processes, such as the breakdown of
organic waste and the recycling of chemical elements, are part of what is called
ecosystem functioning. For example, key processes in the back-and-forth move-
ment of materials between living and nonliving biosphere components are the
hydrologic cycle (Figure 1.3) and the biogeochemical cycles, which include
the carbon cycle and nitrogen cycle (Figures 1.4 and 1.5).
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TABLE 1.2 Major Ecosystem Types and Biomes

Ecosystem Type

Biomes

Marine ecosystems

Freshwater ecosystems

Terrestrial biomes

Domesticated ecosystems

Open ocean (pelagic)
Continental shelf water (inshore water)

Upwelling regions (fertile areas with productive
fisheries)

Deep sea (hydrothermal vents)

Estuaries (coastal bays, sounds, river mouths, salt
marshes)

Lentic (standing water): lakes and ponds

Lotic (running water): rivers and streams
Wetlands: marshes and swamp forests

Tundra: arctic and alpine

Boreal coniferous forests

Temperate deciduous forests

Temperate grassland

Tropical grassland and savanna

Chaparral: winter rain-summer drought regions
Desert: herbaceous and shrub

Semi-evergreen tropical forest: pronounced wet
and dry seasons

Evergreen tropical rain forest

Rural techno-ecosystems (transportation corridors,
small towns, industries)

Agro-ecosystems

Urban-industrial techno-ecosystems (metropolitan
districts)

Source: Adapted from Odum, 1993.

Such cycling of water and elements is central to the functioning of eco-

systems and the biosphere. Indeed, these processes are the basis of Earth’s life

support system, and thus are essential to human health. For example, they make

possible the wetlands, marshes, and mangrove forests that provide key ecosystem

services such as natural waste recycling, water filtration, barriers against storm

surges and saltwater intrusion, and nurseries for fish and shellfish. The degrada-

tion of ecosystems and the alteration of their functioning can have severe health

consequences. This relationship of ecological functioning to human health is a

recurrent theme in this chapter and is discussed further in the context of other
processes and properties of ecosystems, communities, and populations.
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PERSPECTIVE
Ecosystem Services

As described in a synthesis report from the Millennium Ecosystem Assessment (2005),
the benefits provided by ecosystems are indispensable to the well-being of people
throughout the world. These benefits include food, natural fibers, a steady supply of
clean water, regulation of some pests and diseases, medicinal substances, recreation,
and protection from natural hazards such as storms and floods. Yet because of the
complexity of ecosystems, the innumerable ways in which human well-being is linked
to ecosystem productivity, and the limitations of economic methods and data, it is
not yet possible to accurately measure the economic value of goods and services pro-
vided by ecosystems (Daily and others, 2003). The report divides ecosystem services
into four categories: provisioning services, regulating services, supporting services,
and cultural services. The functions particularly relevant to environmental health are
the regulating services: provision and purification of water, recycling of wastes, and
regulation of climate and of infectious diseases. Here are summaries of the report’s
findings in these areas.

Provision of clean water. Ecosystems, especially forests, act both as reservoirs,
holding water much like giant sponges, and as pumps. Through the process of eva-
potranspiration, forest vegetation draws water from the ground and releases it into
the atmosphere. These functions, which contribute much to the hydrologic cycle,
effectively recycle used as well as unused surface water, remove impurities, and deliver
fresh water to places from which it can be harvested. Fresh water is a key resource
for human health, vital for growing food, drinking, washing, cooking, and diluting
and recycling wastes. Unfortunately, as a result of ecosystem degradation, population
growth, and inadequate water treatment and distribution infrastructure, over a
billion people in the world do not have access to clean water. Overall, the annual
burden of disease resulting from inadequate water, sanitation, and hygiene totals
1.7 million deaths and the loss of more than 54 million healthy life years.

Waste recycling (nutrients, pathogens, and breakdown of toxins). As suggested ear-
lier, ecosystem processes resulting in the breakdown of organic wastes and the filtering
of suspended material, including pathogens, are effective mechanisms for cleansing
the environment of wastes. Natural ecosystems can be so effective at purifying and
detoxifying wastewater that some municipalities have restored wetlands in order
to use them for tertiary sewage treatment. The filtering and microbial degradation
properties of wetlands, such as marshes, swamps, and streamside, or riparian, zones
consisting of soil perennially saturated with water, are capable of physically removing
or breaking down even the most toxic chemicals and heavy metals as well as human
pathogens. Despite their value, wetlands are among the world’s most endangered
ecosystems, as coastal wetlands and their upstream tributary rivers and streams are
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often filled and paved over for urban development or are otherwise functionally
destroyed by misdirected flood management programs. The loss of this waste-
recycling capacity has now led to local and sometimes global waste accumulation,
as the ecosystems that remain are unable to absorb and remove the onslaught of
contaminants. For example, the loss of this recycling capacity, along with fertilizer-
laden runoff in the Mississippi River Basin, is responsible for the eutrophic dead
zone in the Gulf of Mexico.

Regulation of infectious disease. An ecosystem’s characteristics, particularly its
landscape ecology, strongly influence the incidence of zoonotic and vector-borne
diseases in local human populations and the potential for the emergence of new,
epidemiologically significant diseases. Intact ecosystems, with their innumerable
interspecies relationships and heterogeneous landscape structures, offer a series
of checks and balances that tend to moderate population dynamics and prevent
any particular species (including host, vector, or pathogen species) from dispers-
ing widely or becoming superabundant, or both. This moderating function tends
to break down with the clearing or fragmenting of natural ecosystems, such as
the logging of forests or the expansion of cropland and pasture. Artificial changes
in the distribution and availability of surface waters, such as occur through dam
construction, irrigation, and stream diversion, have a similar effect. Intensification
of animal husbandry and livestock production practices resulting in increased con-
centration, movement, and novel mixing of animal species and of animal products
and waste facilitates the cultivation and maintenance of new pathogens strains, as
evidenced in the development of avian influenza (H5NT).

Regulation of climate. Natural ecosystems regulate the global climate system
by acting as sinks for greenhouse gasses. In particular, the clearing and burning of
tropical forests around the world has been a major contributor to the accelerated
increase in carbon dioxide in the Earth’s atmosphere and thus to global warming in
recent decades. At the regional and local levels, natural and managed ecosystems
strongly influence climate due to physical properties that affect the flows of energy
and rainfall. For example, the conversion of vegetated land cover to hardened
surfaces associated with urbanization produces the urban heat island effect, elevat-
ing the temperature of a city and the surrounding region. In this way ecosystems
may moderate or intensify extreme weather events such as heat waves, freezing
weather, storms, and associated floods and coastal storm surges—events thought
to be increasing due to anthropogenic global climate change. Intact ecosystems
limit the degree and extent of adverse weather impacts on public health, directly
through reducing deaths and injuries and indirectly through limiting economic
disruption, infrastructure damage, and population displacement. Ecosystems and
the ways they are managed can also have a strong negative or positive impact on
air quality and its associated health risks.
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FIGURE 1.3 Hydrologic Cycle

Downbhill loop
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Source: Odum, 1993.

Water continually moves through various states. The uphill loop is driven by solar energy,
and the downbhill loop provides goods and services such as rainfall. (In Odum’s notation,

the pointed icon on the uphill loop represents the interaction of energy flows to produce
higher quality energy, and the bullet-shaped icons on the downhill loop represent conversion

and concentration of solar energy.)

Ecosystem Organization

As alluded to earlier, the term ecosystem may refer to a theoretical idea or paradigm
on the one hand or to a particular entity on the other—a lake, a forest patch, or
a coral reef, for example. Realizing this distinction, the great ecologist Eugene
Odum pointed to organizational integrity as the defining criterion for an eco-
system. He defined an ecosystem as “any unit that includes all of the organisms
(i.e. the ‘community’) in a given area interacting with the physical environment
so that a flow of energy leads to clearly defined trophic structure, biotic diversity,
and material cycles (z.e. exchange of materials between living and nonliving parts)
within the system” (Odum, 1971, p. 8).
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FIGURE 1.4 Carbon Cycle
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Estimates of the amounts of carbon dioxide (in 10? tons) are shown in four major
compartments: the atmosphere, oceans, terrestrial biomass, and soils and fossil fuels. Flux
rates between compartments are shown by arrows. Note that the atmospheric pool of carbon
is relatively small, especially in comparison to the fossil fuel reservoir, but it is active and
changing. Most flows are balanced, as shown by pairs of solid lines, but there is a net transfer
from fossil fuels to the atmosphere and oceans (shown by dotted lines) dating from the early
industrial age.

The two most significant organizational aspects of any ecosystem, aspects
to which ecosystem functioning is tied, are trophic structure and the associated
material cycles of nutrients (such as carbon, nitrogen, phosphorus, and potas-
sium), trace essential minerals (such as iron, sulfur, zinc, and selenium), and water.
Trophic structure refers to the organization of ecosystems by feeding levels,
often conveniently conceptualized as a pyramid. A trophic level is the position
that an organism occupies on this pyramid or to put it another way, in a food
chain—what it eats, and what eats it (“trophic” derives from trophe, the Greek word
for feeding). As shown in Figure 1.6, organisms such as plants and algae that use
photosynthesis to convert solar energy into stored chemical energy (in the form
of carbohydrates) can be represented as primary producers, or autotrophs,
because they make their own energy. These kinds of organisms constitute the base
of the trophic pyramid and, at the same time, the bottom of the food chain.
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FIGURE 1.5 Nitrogen Cycle
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Note: NO, = nitrogen oxides; NO, = nitrogen dioxide; NO; = nitrate; NH; = ammonia.

Vital to all life on Earth, nitrogen is a key component of DNA and amino acids. Although
nitrogen is bountiful in the atmosphere, usable forms are produced only by a few specialized
microbes (diazotrophs) that are able to fix nitrogen (and by lightning, combustion, and industrial
processes). Nitrogen is returned to the atmosphere via denitrification by both biotic and
abiotic processes. Solid lines indicate natural biotic flows of nitrogen, and dashed lines
indicate flows influenced by humans or other physical processes. Oxides of nitrogen in the
atmosphere contribute to air pollution (as discussed in Chapter Twelve).
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FIGURE 1.6 Solar Energy Flow Through a Biological Food
Chain (in kcal/m?/year)
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Energy is lost as solar energy passes through the biosphere performing work (and being
dissipated as heat) at each step. For example, only about 1 percent (up to 5 percent under
optimal conditions) of the energy that reaches a green layer is converted to organic matter
through photosynthesis. It is the flow of energy that drives the flow of materials. (In Odum’s
notation, the bullet-shaped icon represents a producer that converts and concentrates solar
energy, and the hexagon represents a consumer that uses converted energy.) Figures in
parentheses are energy levels “subsidized” by other sources such as fuel.

Producers are fed upon by primary consumers (herbivore species) that in
turn are fed upon by secondary consumers, and so on. Secondary consumers
are also called heterotrophs, because they get their energy from feeding on
other organisms (both plants and animals). The amount of biomass found at a
trophic level (that is, the cumulative mass of all the individual organisms of all the
species at a particular trophic level) decreases by roughly an order of magnitude
with each step up the pyramid. This occurs because, as energy is transferred from
one trophic level to the next (producers—herbivores—carnivores), a portion of
the energy 1s lost as heat (a consequence of the second law of thermodynamics).
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FIGURE 1.7 Nutrient Cycling and One-Way Energy Flow
Through an Ecosystem
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The biogeochemical cycle is superimposed on a simplified energy flow diagram, showing that
the energy flow drives the biogeochemical cycle. Pg = gross primary production, P = net
primary production, P = secondary production, and R = respiration.

In fact the amount of energy gathered from solar radiation and stored in plant
biomass is relatively small compared to the total solar energy reaching Earth.
Thus we can easily understand why top predators such as sharks or tigers tend to
have relatively small population sizes even under the best of circumstances. These
naturally small population sizes are the reason why these top predators can so
easily become endangered through overharvesting or habitat loss.

The relationships among trophic structure, nutrient cycles, and energy flow
displayed in Figure 1.7 illustrate how the one-way flow of energy, entering the
ecosystem as sunlight, drives the cycling of nutrients such as nitrogen. The com-
partments in Figure 1.7 represent pools of nutrients and the biomass of organisms
(autotrophs and heterotrophs). In a healthy ecosystem the energy flow, nutrient
cycles, and biomass are relatively stable. These compartments represent the stocks
of energy and materials, and the pathways are their flows. As we will see later
in this chapter, human activities can dramatically alter these quantities and
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TABLE 1.3 Levels of Organizational Hierarchies

Sociopolitical Ecological

World Biosphere

Nation (or region) Biome (or biogeographic province)
State or province Landscape

County or district Ecosystem

Municipality Biotic community

Household Population (species)

Individual Organism

Source: Adapted from Odum, 1993.

processes, resulting in serious imbalances that can lead to severe environmental
health consequences.

One important consequence of trophic structure is that some pollutants can
become concentrated in organisms at the higher trophic levels (higher on the
food chain)—in predator species, for example. Examples of this phenomenon are
discussed in the Perspective titled “Toxins and Biomagnification.”

Hierarchy and Scale

Ecosystems, and biological systems in general, have been found to exhibit prop-
erties consistent with all so-called complex systems. The most obvious of these
properties is hierarchical organization. As illustrated in Table 1.3, ecological sys-
tems, like sociopolitical systems, self-organize in a nested pattern, in which larger
entities (or subsystems) that exist on one scale contain subsystems that exist on a
smaller scale (and that operate on shorter time or smaller spatial scales).

This hierarchical property of complex systems—the scaled, nested arrange-
ment of parts—has functional implications. The function of the whole system—
the biosphere in the case of ecological systems—both constrains the behavior
of the parts (or subsystems) and is a consequence of them. For example, carbon
dioxide uptake and oxygen release by the autotrophic organisms within commu-
nities and ecosystems help to determine the atmospheric concentrations of these
gasses, which in turn drive weather patterns globally. As illustrated in Figure 1.2,
the average precipitation and temperature of different weather patterns them-
selves influence ecological processes to the extent of determining biomes and the
types of primary producers present in a regional ecosystem.
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PERSPECTIVE
Toxins and Biomagnification: Mercury and POPs.

Unlike energy, a significant portion of which is lost as it is transferred from one trophic
level to the next in an ecosystem, some substances increase in concentration as they
are transferred up a food chain. This phenomenon is called biomagnification.
Biomagnification is based on bioaccumulation, which occurs when organisms
(including humans) take up contaminants more rapidly than their bodies can elimi-
nate them. Over time, of course, an organism consumes a vastly greater amount of
biomass than that represented by its own body, effectively amassing the exposures
of many organisms in its food chain. An organism can thus potentially assimilate
and concentrate a toxic substance at much greater levels than occur in its environ-
ment. Persistent chemicals are especially likely to bioaccumulate. Moreover, the higher
an organism’s trophic level, the greater is the concentration of a bioaccumulated
substance.

These processes are responsible for the potentially harmful levels of toxic sub-
stances found in some species of fish. Similarly, terrestrial predators feeding at the tops
of food pyramids may accumulate environmental toxins that have become increas-
ingly concentrated in prey organisms. Such chemical hazards arise from natural as
well as “unnatural” human disturbances and inputs into fresh water, marine, and
terrestrial environments.

Mercury provides a key example of biomagnification of a toxic substance. Mercury
is well known as an environmental pollutant with serious human health conse-
quences. Fish and other wildlife in various ecosystems commonly have concentrations

Complex systems are replete with these kinds of circular feedback mecha-
nisms, leading to nonlinear responses to natural and human ecosystem perturba-
tions. Because the outcomes of these perturbations are extremely difficult to predict
accurately, they can also be easy to ignore or deny. This is often the case with cli-
mate change. The massive conversion of the world’s natural ecosystems to urban
ecosystems over the past three centuries, along with fossil fuel burning, is causing a
dramatic change in the atmospheric concentration of greenhouse gasses—and this
is just one of many ecological consequences of the transformation of the biosphere
through human activities (Smil, 2002; also see Chapter Ten). Because this change
has been gradual and because science cannot predict its outcomes precisely, policy-
makers and the public have frequently been surprised by these outcomes. However,
experts knowledgeable about ecological systems are often anything but surprised.



ECOLOGY AND ENVIRONMENTAL HEALTH 23

of mercury of toxicological concern when eaten by humans. Mercury enters eco-
systems as a result of both natural processes and human activities (especially coal
combustion, because coal may be contaminated with mercury) and is converted
to various forms, including the highly toxic organic form methylmercury, which
can bioaccumulate. Many of the details of how mercury compounds form and cir-
culate in an ecosystem remain unknown. However, what is known is that mercury
has the potential to be a serious health hazard and that human-derived emissions
are increasing.

Persistent organic pollutants (POPs) provide another example of toxic
chemical substances that can dangerously biomagnify. With slow or no degrada-
tion, such substances persist in the environment and can be transported by wind
or water. Like mercury, POPs can threaten both wildlife and human health. For
example, many widely used pesticides (such as DDT), chemicals such as poly-
chlorinated biphenyls (PCBs), and combustion by-products such as dioxins, are
POPs that can be toxic even at very low levels of exposure. As with mercury,
the mechanism driving biomagnification of POPs is bioaccumulation within the
trophic pyramid of ecosystems: autotrophs and primary consumers accumulate
POPs in their tissues, resulting in concentrations greater than those found in
the surrounding environment. When these organisms are themselves consumed
by heterotrophs, POPs become even more concentrated. Thus low-level POPs in
the environment can quickly become dangerously concentrated in organisms that
feed at higher trophic levels. Unfortunately, POPs are becoming ubiquitous in the
biosphere, an outcome deriving almost solely from human-generated effluents
entering the Earth’s hydrologic cycle.

Crawford (Buzz) Holling and his colleagues have shown how this pattern
of denial and surprise applies to many environmental crises and failures of
environmental management in areas ranging from attempts to establish sus-
tainable forests and fisheries to efforts to control pest- and vector-borne disease.
Building on earlier research on ecosystem organization, behavior, and manage-
ment, Holling and colleagues have developed a useful framework based on com-
plexity theory and case studies (Holling, 1978, 1986; Gunderson, Holling, and
Light, 1995; Gunderson and Holling, 2002; Berkes and others, 2003). A central
feature of this framework is the adaptive renewal cycle (Figure 1.8), a model
that describes the repeated cycles of change exhibited by ecological, economic,
and institutional systems—as coupled human-natural systems—through four dis-
tinct phases: exploitation, conservation, release, and reorganization.
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FIGURE 1.8 Adaptive Renewal Cycle
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As indicated on the diagram, the r phase represents growth and exploitation, the K
phase represents conservation, the 2 phase represents release, and the o phase represents
reorganization.

Unlike traditional ecosystem models that treat humans as external compo-
nents, the adaptive renewal cycle model acknowledges the reality of what has
been called the total human ecosystem (Nevah and Lieberman, 1994)—the idea
that humans and their environment form a single entity to be studied in its totality.
This model incorporates feedback relationships within and between the human
and natural system components. This includes relationships that link the insti-
tutional and natural parts of the system and that involve “signals” that provide
feedback (information) about the status of the stocks and flows of energy and
materials.

A classic example of such feedback is the information gathered by fishery
biologists on the status of the target fish population(s) being harvested. This infor-
mation typically is gathered and provided to decision makers who then decide
how to adjust harvesting rates, through such approaches as limiting the number of
permits issued, constraints on fishing gear, and other measures. Ideally, the feed-
back mechanism thus triggers institutional behavior that results in a sustainable
harvesting regime, with functionally intact fish populations, healthy ecosystems,
and economically productive fishing industries.

This system of cyclical monitoring and adjusting was named adaptive man-
agement (Holling, 1978; Walters, 1986). It is the central idea of ecosystem
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management and involves monitoring key indicators of the health of the eco-
system, such as measures of nutrient flow and animal stocks, and adjusting human
actions accordingly. The idea of adaptive management has more recently been
extended to environmental health risk management (Carpenter, 1997).

Chesapeake Bay offers one of the best cases of adaptive management. This
ecosystem has long been one of eastern North America’s most important environ-
mental resources, owing to its fisheries, recreational uses, and other valued charac-
teristics. Accordingly, pollutant discharges into the bay and its upstream drainages
had long been a concern. In the 1970s, when major federal and state environmen-
tal protection laws were promulgated in the United States, governmental agencies
began monitoring the state of this aquatic ecosystem, using increasingly sophis-
ticated ecological indicators and indicators of environmental health risk. They
looked, for example, at concentrations of toxic metals and organic compounds in
waters, sediments, fish, and shellfish.

An adaptive management system has evolved since the 1970s through a
dynamic relationship between science and governance (Hennessey, 1994). This
ultimately led to a comprehensive set of measures indicating the state of health
of the bay ecosystem and its resources, and the risks to human health. These
risks include exposure to toxic chemicals, infection by pathogens, and frequency
and intensity of production of biotoxins by harmful algae (Boesch, 2000). The
Chesapeake Bay Program has become a model for large-scale environmental
restoration and management that involves stakeholders’ participation at all lev-
els of government and an extensive research community. The evolving suite of
ecosystem health indicators has at times included more than eighty-two separate
metrics adapted to different management needs: condition indicators, evaluation
indicators, diagnostic indicators, communication indicators, and futures indica-

tors (Hershner, Havens, Bilkovic, and Wardrop, 2007).

Biological Diversity and Ecosystem Functioning

The concept of biological diversity is closely intertwined with the organizational
hierarchy of biological systems and complex ecosystem functioning, including
some ecological processes that affect human health. Biological diversity, or bio-
diversity as it often called, refers both to organismic variety at the various levels
of the organizational hierarchy and to genetic diversity among individual organ-
isms (Grifo and Rosenthal, 1997; Chivian and Bernstein, 2008). Ecosystems with
greater numbers of species or with species populations harboring greater differ-
ences in their genetic makeup are said to have greater biodiversity.

Ecosystems that retain higher levels of biological diversity often retain supe-
rior air, water, and soil quality and regulate pathogens more effectively. Moreover,
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greater biological diversity makes ecosystems more resilient and better able to
assimilate environmental stressors, such as physical restructuring, invasive species,
extreme weather events, overharvesting, or pollution (Folke and others, 2004).
Opverall, greater biodiversity offers numerous benefits for human health.

Unfortunately, biodiversity is eroding at unprecedented and alarming rates,
largely through the degradation of ecosystems (especially tropical forests), species
extinctions, and the reduction of genetic diversity within species. Among higher
organisms such as birds, mammals, reptiles, and amphibians, whose status can
be relatively well monitored (in contrast to the status of millions upon millions of
invertebrate species), species are now being extinguished due to human activities
at least a thousand times faster than new species are being created.

COMMUNITIES AND SPECIES

Community ecology focuses on the determinants of the number and composition
of species in an ecological community. These determinants include resources,
space, species-specific characteristics, and interspecies interactions.

Assembling Communities

The amount of space in a habitat plays a key role in determining the number
of species present. As habitat area increases, so do two important environmental
variables: the amount of resources and the variety of resources, termed habitat
diversity. A large and geographically dispersed population ensures against any
number of natural and human threats to species survival, and such a population
is likely to have demographic and genetic assets that can lead to long-term per-
sistence. Greater extent and diversity of habitat translates into a larger number
of species supported.

This fact s a reflection of one of the most fundamental principles in ecology,
known as the species-area relationship (Figures 1.9 and 1.10). Ecologists
surveying study plots of different sizes that are nested or arrayed separately across
landscape or that are completely ecologically isolated, areas such as mountain
ranges separated by valleys or the 1slands of an archipelago, invariably find the
same pattern. Regardless of the taxonomic group or ecosystem—species of ants,
butterflies, passerine birds, rodents, orchids, or palm trees—the number of differ-
ent species plotted against the size of the area sampled approximates the power
function form (Rosenzweig, 1995). This is shown in Figure 1.9.

The species-area relationship is normally presented as a log-log plot that pro-
duces a straight line, as shown in Figure 1.10, which 1s based on real data on the
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FIGURE 1.9 Species-Area Curve
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FIGURE 1.10 Log-Log Species Area Plot
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The number of species of amphibians and reptiles found on seven West Indies islands varies

with island size.
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FIGURE 1.11 MacArthur’'s Warblers
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Source: Adapted from MacArthur, 1958.

MacArthur found that different warbler species tended to allocate their time to different
parts of a tree—one toward the outside of the top, another mostly around the middle
interior, and so on. In this diagram, the zones that accounted for 50 percent of each species

feeding activity are blackened.

number of reptile and amphibian species for islands of varying size in the West
Indies. This particular finding for these West Indies fauna led zoogeographer P. J.
Darlington (1957) to point out that “division of area by ten divides the fauna by two,”
a formula that has become known as Darlington’s Rule. The species-area rela-
tionship helps to explain why shrinking habitat by converting native forests and other
natural habitats to domestic land uses decreases the number of species. More than
this though, reducing habitat alters species composition and reduces biodiversity.
With less biodiversity, an ecosystem has less resilience and less functional capacity.
The particular needs of a species (the unique set of conditions to which it is
adapted) and its role in its community are collectively known as its niche. A niche
1s like the occupation of a species, whereas its habitat is like its address. The niche
concept is central in ecology. It links community ecology and population ecology
and 1s also critical to evolutionary biology. A species’ niche is molded through natu-
ral selection over evolutionary time and dynamically adjusted through physiological
and behavioral adaptations. The driving forces for evolutionary change include
both abiotic factors and biotic factors such as competition, predation, parasitism,
and disease. The biotic circumstance of a species is a particularly important aspect
of niche theory, in which the competitive exclusion principle comes into
play. This principle states that no two species can occupy the same niche. A classic
example is ecologist Robert MacArthur’s finding that five species of wood
warblers—insect-eating birds that live in coniferous forests—occupied distinct
niches within the same trees (Figure 1.11). Ecologists have found that in nature, as
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well as in the laboratory, when populations of two species are forced to exploit the
same resource, one species eventually eliminates the other through direct interfer-
ence, more efficient resource use, or both.

Predators, parasites, and disease all play important roles in determining
the presence or absence of a species in a community. Competition is an especially
powerful factor in determining the composition of communities when the extent
of available habitat is limited. This helps explain why large islands can support
more species than small islands (Figure 1.10); with more options for dividing up
the available space and resources (such as food, shelter, and breeding sites), more
species can be supported. Structural diversity is also generally a good surrogate for
habitat diversity. Thus tropical forests and coral reefs, with their intricate archi-
tectures, tend to have high numbers of species.

Besides the area effect just described, the species numbers on islands also often
exhibit a distance ¢ffect, in which more remote islands tend to have fewer species.
The distance effect is especially important when distances are great (as in the
case of oceanic islands) or when the members of the species of interest are poor
dispersers. Although most forest birds can easily fly across moderate expanses of
open water, some species are behaviorally resistant to crossing even small expanses
of uninhabitable land or water. Yet given the vastness of time and the numerous
accidents and contingencies that occur, even the most remote islands assemble
communities surprisingly rich in species, including relatively poorly dispersing
species. A classic case is Krakatau, an Indian Ocean island completely sterilized
by a volcanic explosion in 1883. In less than a century it had been recolonized by
hundreds of plant, invertebrate, and vertebrate species. In addition to “volunteer”
immigrants, the new arrivals included birds that had been blown off course by
storms and invertebrate species, small mammals, reptiles, and amphibians that
floated in on “rafts” of vegetative debris. As the island filled up, untold competi-
tive, predator-prey, and parasite-host relationships unfolded as species sorted out
their roles. Such a sorting out may include some populations being cut from the
team, so to speak.

The presence in a habitat of the resources for a particular species’ niche
is no guarantee that the species will survive. The habitat area must also be
large enough to ensure survival given the vicissitudes of abiotic and biotic cir-
cumstances over time. Usually, effective insurance against devastating chance
events (such as storms or disease) requires that multiple populations exist, as a
bet-hedging “strategy.” Even long-established island or continental communi-
ties experience regular extinctions, especially in smaller islands or areas where
bet-hedging opportunities are few. However, in stable ecosystems populations
can be kept topped up over the long term with the ongoing arrival of new
immigrants.
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FIGURE 1.12 Population Equilibrium in Island Biogeography
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This simplified chart of the immigration rate for new species and the extinction rate for
established species illustrates that as the number of species present increases, immigration
rates decline but extinction rates increase. The intersection defines the equilibrium species
number.

Piecing these facts together led to one of most important ideas of modern
ecological science, the equilibrium theory of island biogeography. This theory,
developed by Robert MacArthur and E. O. Wilson (1967), points out that the
number of species in an isolated place can be described in terms of the rates of
immigration and extinction, as shown in Figure 1.12.

Moreover, this theory does not apply only to true islands; it applies to eco-
systems in general, whether true islands or habitat islands, patches of a particular
habitat within a larger landscape. For example, forest patches within grassland,
cropland, or city are ecosystems that operate in accord with the island biogeog-
raphy theory. So are patches of habitat that are cut off from other patches by
highways or other human-made barriers. As land is fragmented, increasingly
small and isolated fragments can become functional islands.

Disassembling Communities

An equilibrium number of species is maintained in a community only if the
habitat remains intact and a pool of potential immigrants exists within dispersal
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distance. MacArthur and Wilson anticipated that neither of these conditions
would exist for long, especially in a world where the loss of natural habitat has
been accelerating. Later this line of research coalesced into the field of conserva-
tion biology (Soulé and Wilcox, 1980) and research into the wholesale collapse
of communities due to habitat loss (through tropical deforestation, for exam-
ple). The implications for genetic as well as species diversity and for the sus-
tainability of ecosystems and ultimately the biosphere have focused scientists’
attention on the idea of biological diversity and its relationship to health and
well-being.

A key area of conservation biology research today remains investigating
patterns and processes involved in the disassembly of communities. The break-
down of community relationships due to habitat loss or other stresses is not fully
understood. However, some effects are clear (Laurance and Bierregaard, 1997).
The species most vulnerable to habitat loss and degradation are those at high
trophic levels, especially predators. Examples include mammals in the cat, dog,
weasel, and mongoose families and birds that are raptors, such as hawks and
eagles. As these species decline, the principal effect is reduced population con-
trol of prey species. As a result, prey species such as deer, antelope, pigs, and
rodents often become more abundant. This loss of top-down control and often
a corresponding hyperabundance of animal populations at lower trophic levels
results in a number of consequences for ecosystem functioning, with particu-
lar implications for human health. With predation reduced, primary consum-
ers overgraze available vegetation and create imbalances within ecosystems that
undermine the normal regulation of pathogens and disease. For example, when
herbivore species overgraze or otherwise disturb vegetation cover, they may
cause soil erosion and disrupt the normal capture and filtration of materials
contained in runoff. These materials enter streams and rivers and, ultimately,
lakes, reservoirs, and coastal waterways. This can result in chronic as well as
acute episodes of non-point-source releases of toxins and pathogens into drink-
ing water and recreational waters. Thus pollution of the environment by toxins,
pathogens, and excess nutrients can result from loss of the filtering, recycling,
and digestion ecosystem services provided by vegetation and healthy community
relationships.

A second consequence of disturbances to ecosystem community equilibrium
1s enhanced pathogen transmission. Species are more prone to become patho-
gen reservoirs when they exceed critical threshold population densities and may
be more likely to have contact with humans and spread disease when they are
hyperabundant. Lyme disease is a prime example (as described in the accompa-
nying Perspective).
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PERSPECTIVE
Landscape Change and Lyme Disease

Lyme disease in North America is a classic case of ecological changes playing
a primary role in the emergence of an infectious disease and of habitat altera-
tion affecting a pathogen’s transmission cycle (Ostfeld, Keesing, Schauber, and
Schmidt, 2002). Lyme disease is caused by pathogenic bacteria (of the genus
Borrelia), which are transmitted to humans and other mammals by a tick vector.
Causing fever, rashes, and fatigue, as well as more serious joint, heart, and nerv-
ous system damage when left untreated, Lyme disease is especially prevalent in
the Northeastern region of the United States. In many parts of the Northeast,
deforestation and suburban sprawl have produced a fragmented landscape, which
in turn has caused incomplete assemblages of species at upper trophic levels and
reduced predation. Combined with reduced habitat availability, this has led to
abnormally high densities of prey species such as deer and rodents. At such high
densities, deer and rodent populations function as more efficient reservoirs for
Lyme disease bacteria. The white-footed mouse (Peromyscus leucopus) and white-
tailed deer (Odocoileus virginianus) have become especially hyperabundant in the
Northeast. In addition, as shown by ecologists Richard Ostfeld and Felicia Keesing,
these species are highly competent pathogen hosts (meaning that they are espe-
cially capable of transmitting the infecting bacteria from themselves to a tick vector
such as the common black-legged tick, /xodes scapularis). Thus tick populations
flourish with plentiful hosts upon which to feed, and Lyme disease bacteria flourish
with plentiful host reservoirs and easy transmission from host to host via ticks. The
result has been increased incidence of Lyme disease in humans, due ultimately to
ecosystem community disassembly as a result of altered landscapes, along with
an increase in human populations living near edge habitats (such as where forest
and grassland meet).

THE ECOLOGY OF POPULATIONS

Population ecology is in many ways at the core of all ecological science. The
ecological definition of a population is “a group of interbreeding individuals in
a particular locality.” The processes and mechanisms operating at the population
level determine the abundance and distribution of species, which in turn define
communities and ecosystems.

Ecological science has long been interested in precisely how population size
changes, including the mathematical details of such life history parameters as
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FIGURE 1.13 Human Population Growth Since
Prehistoric Times
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This is an example of a steep, exponential population growth curve.

birthrate, death rate, reproductive age, and longevity. In many cases it is not clear
why the numbers of a particular organism are what they are at any given time. Yet
this understanding is important not only for forest, wildlife, and fishery manage-
ment but also for the control of organisms responsible for human disease as well as
other pathogens and so-called pests injurious to livestock, crops, and food stocks.

The elemental population processes are births, deaths, immigration, and emi-
gration. Thus the population ecologists’ formally phrased question, What deter-
mines the abundance and distribution of a species? can be more simply stated as,
How does the environment affect the elemental processes of birth, death, immi-
gration, and emigration? Ultimately, the answer will explain why a species occurs
in some places and not in others. This knowledge can be of critical public health
importance when managing the abundance and distribution of both beneficial
and harmful species. The latter include host and vector populations responsible
for many reemerging and newly emerging infectious diseases.

The potential for a species to increase in numbers at an extremely rapid rate
is perhaps best demonstrated by the Earth’s swelling human population (Figure
1.13). This can be juxtaposed with examples of species undergoing catastrophic
population declines, which have become near-daily news items. Historically,
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the American passenger pigeon (Ectopistes migratorius) and American bison (Bison
bison) provide useful examples of species declines. Both numbered in the millions
before being extinguished in the wild by habitat loss and hunting in the nineteenth
century. Even in captivity the passenger pigeon never recovered, and the last
individual died in a zoo. The remaining American bison live only as managed
populations on national parks and some private lands. In the cases of humans,
pigeons, and bison, the causes of their population changes are fairly evident.
However, the population dynamics of most species, including the underlying
mechanisms responsible for abundance or scarcity, are usually more subtle and
complex. The basic properties of population growth and regulation described
in the Perspective “Population Growth and Minimum Viable Populations” are a
sampling of the most fundamental aspects of population ecology.

There is an important distinction between the role of other species and the
role of the physical environment in a species’ population regulation. These biotic
and abiotic factors are associated with two different modes of population regula-
tion: density-independent regulation and density-dependent regulation.
Abiotic factors such as temperature, humidity, and rainfall operate independently
of population size, whereas biotic factors such as competition, predation, and
parasitism tend to have greater impact with greater population density.

Mosquitoes that act as disease vectors provide a useful example of these
population ecology concepts in practice. In tropical and subtropical regions of
the Americas, the geographic distributions of diseases such as dengue fever, yellow
fever, and malaria largely follow the distributions of Aedes and Anopheles mosqui-
toes. Species of these genera are typically most abundant in wet tropical areas
where there is plentiful rainfall, numerous natural or artificial water containers,
and ideal temperature and humidity for these species. Such abiotic factors pro-
vide optimal conditions for mosquito growth and survival. In contrast, mosquito
populations diminish, and sometimes disappear altogether, at higher altitudes
and latitudes, where breeding, egg laying, and larval growth are limited by low
temperatures, low humidity, and scant rainfall. However, even in places where the
abiotic conditions are optimal, biotic factors can control mosquito population
sizes. For example, both adult and larval mosquitoes are subject to competition,
predation, and parasitism. Indeed, these biotic factors can play an important role
in regulating mosquito numbers. Spraying of nonspecific pesticides intended for
mosquito control can actually result in greater mosquito abundance by eliminat-
ing the natural predators, competitors, and parasites that keep a population in
check. That is, pesticides can negatively disrupt the biotic factors that normally
regulate the density of mosquito populations (Ellis and Wilcox, 2009).

Most species consist of many, more or less discrete local populations occupy-
ing areas of suitable habitat across a limited geographic range. The exceptions
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are large-bodied animals, especially land predators such as lions and bears and
ocean predators such as sharks and swordfish, that are habitat generalists and
whose individual home ranges encompass relatively large areas.

We often use the term population loosely to describe all the individuals of a
species in a certain area. However, when the area of interest is large relative to the
typical dispersal distance of an individual of the species in question, population
1s technically a misnomer. Ecologists often find that such “regional populations”
actually consist of multiple local populations separated by gaps of habitat less
suitable to their needs. The term metapopulation is better used to describe
such a population structure.

Moreover, habitat patches tend to vary in terms of resource quality and quan-
tity. The bigger and better a habitat patch in terms of resources, the more robust
the population residing there. The more robust populations tend to “export”
their excess individuals, and the less robust populations occupying the smaller
and less productive patches tend to be the recipients of these dispersing individu-
als. The flow of immigrants from source patches may be the only reason a patch
of marginal habitat even has a population, that 1s, the marginal habitat behaves
as a sink. Source-sink dynamics are thought to be fundamental to understanding
why particular species (including pest species) persist in some landscapes and not
others (Hanski, 1991).

LANDSCAPES AND LAND USE CHANGE

A convenient way to grasp systemic changes that operate and link processes across
scales—from ecosystem to populations—is through the perspective of landscape
ecology. Studies in this area focus on the structure of the landscape, particularly
on spatial patterns uncovered through remote sensing and geographic informa-
tion systems. These patterns can be studied analytically, using quantitative meth-
ods to assess findings that are biologically meaningful (Turner and others, 1993).

The composition and arrangement of landscape features (such as natural and
anthropogenic vegetation cover) and of human land use (such as urban, agricul-
tural, watershed, and conservation uses) have a large and often unappreciated
effect on human health and well-being. Examples range from altered landscapes
that contribute to environmental disasters such as Hurricane Katrina to landscape
features that influence the environmental mobility and fate of toxins and patho-
gens. In fact the resurgence of existing infectious diseases and the emergence of
new ones can largely be attributed to the transformation of landscapes on a global
scale (Patz and others, 2004).
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PERSPECTIVE
Population Growth and Minimum Viable Populations

The study of population ecology began in earnest in the early nineteenth century, after
Thomas Malthus published An Essay on the Principle of Population (1798), in which he
focused attention on the problem of population regulation and the limits to population
growth imposed by the environment. Malthus became famous for pointing out the “geo-
metric tendency” of an accelerating human population increase and contrasting it to the
more slowly growing and limited food supply. His ideas inspired several generations of
scientists, whose work ultimately became the foundation of modern population ecology,
and also encouraged scholars and popular authors to write about environmental carrying
capacity. Carrying capacity is the population size that can be supported in a given area
within the limits of available food, habitat, water, and other needed resources.

Later, the physicist Alfred Lotka (1925) used calculus to formalize the fundamen-
tal principles of population growth and regulation. In general, the size of a population
can be expressed as

dN/dt = f(N)

which simply states that the rate of change in the number of individuals (N) over time
(t) depends in some way on the number of individuals present. For an ideal popula-
tion, this becomes

N = e't

which is the exponential equation for population growth, where r represents
the unrestricted rate of increase per individual (birth rate minus death rate) and e is
constant (2.72). Figures 1.13 and 1.14(a) show growth curves for populations increas-
ing in size exponentially.

However, in the real world of resource limitations, population growth is eventu-
ally limited. For example, Malthus reasoned that food production could not increase
exponentially and this meant eventual deprivation and even starvation for human
populations that had increased exponentially. Population growth of organisms,
including humans, is also potentially limited by many factors other than food. Lotka’s
exponential expression was therefore expanded to acknowledge these limiting factors
by adding a second term:

dN/dt = rN[(K — N)/K]

or
N=K/(Q +e )

This is the logistic equation for population growth, where K represents carrying capac-
ity. As shown in Figure 1.14(b), population size increases rapidly at first, but then
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FIGURE 1.14 Exponential and Logistic Curves Describing
Population Growth

a. Unrestricted Exponential Growth b. Restricted Logistic Growth
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slows as it approaches the value of K, producing a sigmoid-shaped curve. This is
the simplest possible model of density-dependent population regulation.

However, real populations rarely increase in size smoothly and then stay at
a particular level. Rather, because environmental conditions such as the abun-
dance of food and other resources are never constant, population sizes fluctu-
ate around their environment'’s carrying capacity. These fluctuations result from
factors whose effects are independent of population size, such as weather and
catastrophic events.

A viable population is one that has the demographic and genetic profile nec-
essary for that population to persist over time and in the face of chance events
and environmental change (Morris and Doak, 2002). The lower limits of a viable
population can be viewed as a threshold line, something like the K of the logistic
curve, except that it operates in the opposite way: instead of being elastically
pulled below a threshold K where it regains a positive rate of change, a population
that dips below its viability threshold continues in a downward spiral. For example,
a population might be initially reduced by overharvesting or habitat destruction.
Once this population falls below its threshold, factors such as chance events in the
lives of individuals and loss of genetic variability, and thus of capacity to adapt to
environmental changes, abruptly reduce the probability that the population will
persist for many generations. This threshold is highly species and situation specific.
However, for most vertebrate species it is believed to be on the order of several
hundred to over a thousand individuals. Population sizes of large-bodied wildlife
species in national parks and other protected areas are often smaller than this,
which does not bode well for their future.
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FIGURE 1.15 Forest Fragmentation in the Upper Parana
Region, 1900-2000
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Dark areas represent intact forest.

A concept associated with landscape ecology and having special relevance to
human health is landscape heterogeneity. In this context, /eterogeneity refers
to irregular spatial patterning, including variability in the distribution of habitat
types. For example, natural landscapes tend to have greater heterogeneity than
agricultural landscapes, which often consist of relatively large areas with only
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FIGURE 1.16 Factors That Interact and Culminate in
the Emergence of Infectious Diseases
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The initiating driver for disease emergence is human population, which has direct
implications for regional environmental change. Regional change can be characterized
according to a continuum of landscape types, from urban areas and agricultural land to
more natural ecosystems that are nonetheless undergoing myriad habitat alterations. The
level of regional environmental change then affects the ecological and evolutionary dynamics
among species in varying ways and degrees. For example, biological vectors that are
reservoirs for pathogens may become domesticated, or opportunistic wildlife (such as rodents
or blood-feeding insects) may invade domestic areas. Conversely, feral reservoir species, such
as cats, mice, or pigs, may invade natural habitats, disrupting ecosystem equilibrium and
services. In either case, human encroachment facilitates contact with pathogens and their
vector reservoirs and drives additional environmental change and disruption of ecological
dynamics. As ecological dynamics are modified, so too are host-pathogen dynamics,
promoting disease emergence. For example, pathogens have more frequent opportunities to
switch hosts (for example, from pigs to humans), are transmitted more frequently between
vectors and hosts, and benefit from greater densities via increased genetic diversity and
capacity to evolve more virulent strains.
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one kind of land cover (one particular crop). In general, heterogeneity tends to
constrain ecological processes involving energy and material flows, including
population growth and organism dispersal. For example, pest outbreaks that
would be spatially limited in a heterogeneous landscape, can readily spread
and may even become catastrophic in a homogeneous landscape of agricultural
monoculture.

How the landscape patterns of natural vegetation, especially forests, change
with the expansion of human land uses across a region has become an impor-
tant area of applied ecological research that meshes with community ecology.
As discussed earlier, the landscape perspective is especially valuable in under-
standing how land use patterns, including human-created fragmented forests,
affect infectious disease epidemiology. With urbanization, suburban sprawl, and

PERSPECTIVE
Ecology and Emerging Infectious Diseases

The resurgence (or reemergence) of “old” infectious diseases and the emergence of
new ones, together referred to as emerging infectious diseases (EIDs), represents
one of the most significant environmental health challenges today. In 2002, an esti-
mated 26 percent of deaths worldwide were attributable to infectious and parasitic
diseases (Fauci, 2005), and 249 percent of the global burden of disease was caused
by infectious diseases (World Health Organization, 2008).

Ecological science is increasingly being recognized as having a critically important
role in EID research, intervention, and control. As Wilcox and Colwell (2005) point
out, the vast majority of EIDs recognized by the World Health Organization and the
U.S. Centers for Disease Control and Prevention are zoonotic (that is, transmitted
from animals to humans). It follows that environmental factors play a key role in
disease emergence. Host life cycles, pathogen transmission dynamics, and therefore
disease incidence are all largely a function of ecological factors.

What is responsible for the current surge in EIDs? During the twentieth cen-
tury we made great progress in the control and eradication of infectious dis-
eases that had afflicted people throughout human history. New drugs, vaccines,
insecticides, treatments, and control strategies reinforced public health pro-
grams already in place and provided the tools necessary to control many of the
worst diseases, including smallpox, typhus, yellow fever, malaria, dengue fever,
and others. By the late 1960s, the “war on infectious diseases” was declared
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expansion of cropland, the clearing of natural habitat, especially wetlands and
forests, has been pervasive and dramatic in recent decades. The current scale and
intensity of landscape change in the world’s tropics, driven by a demand for land
and resources fueled by human population growth and globalization, 1s histori-
cally unprecedented (Figure 1.15). The associated forest fragmentation is not only
sharply reducing the total habitat area available to species but is also isolating the
remnant habitat patches from one another. Such landscape patchiness can have
profound negative consequences for biodiversity and human health (Laurance
and Bierregaard, 1997). The ways in which urbanization, agricultural intensifica-
tion, and habitat alteration interact to bring about ecological changes at genetic,
population, and landscape levels, resulting in pathogen emergence, are illustrated
in Figure 1.16 and discussed further in the accompanying Perspective.

won both by leading experts in the field and by the Surgeon General of the
United States.

However, two sets of factors have contributed to a startling reversal of this situ-
ation, which began to appear just as the premature claims of victory were being
made. These factors were a shift in attention and resources away from infectious
disease prevention, and explosive human population growth. The human popula-
tion explosion has resulted in environmental change in the form of uncontrolled
and unplanned urbanization, intensification of agricultural production, deforesta-
tion, and biodiversity loss. Thus these two factors, along with the accelerated local,
regional, and global movement of people, goods, and thus pathogens have been
major and interrelated drivers of the reemergence of epidemic infectious diseases
(Gubler, 1998; Wilcox and Gubler, 2005).

Old diseases that were once effectively controlled have reappeared or are now
beginning to reappear in epidemic as well as endemic forms. These EIDs include
dengue fever, Japanese encephalitis, West Nile virus, yellow fever, measles, plague,
cholera, tuberculosis, leishmaniasis, and malaria. In addition, we are beginning to
experience epidemics of numerous newly recognized diseases, such as HIV/AIDS,
hemorrhagic fevers, diseases caused by hantaviruses and arenaviruses, avian influ-
enza, Hendra and Nipah encephalitis, severe acute respiratory syndrome (SARS),
Lyme disease, Chikungunya fever, and ehrlichiosis. In addition to the ecological
factors mentioned previously, evolutionarily derived resistance of pathogens to
antibiotics and of mosquitoes to insecticide is also playing a role in the emergence
and reemergence of infectious diseases as a global public health problem (Gubler,
1998, 2001; Smolinski, Hamburg, and Lederberg, 2003).
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In the larger environmental scheme, the ecological phenomena associated

with habitat losses are only part of the environmental transformation that occurs

as agricultural activity and urbanization expand and intensify. The hydrologic
cycle and biochemical cycles are modified as well. Also, with intensified agricul-
ture, industry, and other human activities come increasing waste streams contain-
ing gaseous pollutants and air pollution, solid waste, and toxic and hazardous

wastes.

SUMMARY

Ecology is the study of interactions between
organisms and their environment, includ-
ing both the living (biotic) and nonliving
(abiotic) components. Ecologists emphasize
various interacting aspects of the environ-
ment, including ecosystems, communities,

KEY TERMS

abiotic

adaptive management principle

competitive exclusion

populations, and landscapes. Ecological
changes of concern range from habitat
destruction to disruptions of food supplies.
These changes may in turn affect human
health in many direct and indirect ways.

energy flow

equilibrium theory

adaptive renewal cycle
autotroph
bioaccumulation
biodiversity
biogeochemical cycle
biomagnification
biome

biosphere

biotic

carbon cycle
carrying capacity

community ecology

Darlington’s rule

density-dependent
regulation

density-independent
regulation

ecology

ecosystem

ecosystem ecology
ecosystem functioning
ecosystem management
ecosystem services

emerging infectious
diseases

evolutionary biology

exponential equation for
population growth

genetic diversity
geomorphology

habitat diversity
heterotroph

hydrologic cycle
landscape heterogeneity

logistic equation for popu-
lation growth

material cycle
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metapopulation

minimum viable
population

natural history
natural selection
niche

nitrogen cycle

nutrient cycle

persistent organic
pollutant

population
population ecology
primary consumer
primary producer
resilience theory

secondary consumer

DISCUSSION QUESTIONS
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social-ecological
systems perspective

species-area relationship
sustainability

total human ecosystem
trophic level

trophic structure

zoonotic

. Identify an ecosystem near where you live. What are its major features?

. Identify an example of ecosystem management. What is the relevance of this
effort to human health?

. Thomas Malthus predicted that human population would grow exponen-
tially, outstripping the ability of the world to feed itself and resulting in major
famines. Was Malthus right or wrong? Why? What do you think the Earth’s
carrying capacity is for Homo sapiens, and why?

. What are the ways in which large-scale agriculture might affect ecological
factors and human health?

. List at least three ecosystem services from which you have benefitted today.
Do you think it is currently technically possible for humans to build infra-
structure that can substitute for these services? Would the monetary cost be
likely to be reasonable or prohibitive?

. What are three infectious diseases with the potential for high incidence where
you live? Are any of the infectious diseases in your area influenced by globali-
zation? By landscape changes? By climate change?

. The Gaia hypothesis proposes that, with all the world’s myriad life forms
closely integrated with each other and with the Earth’s physical features, the
Earth should be viewed as a single living organism. Please offer some argu-
ments and examples both for and against this idea.
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Reports and Programs

Millennium Ecosystem Assessment, http://www.millenniumassessment.org. This important effort,
which was called for by United Nations Secretary-General Kofi Annan in 2000, is assess-
ing the consequences of ecosystem change for human well-being and the scientific basis
for action needed to enhance the conservation and sustainable use of specific ecosystems
and their contribution to human well-being. The findings to date, downloadable from the
organization’s Web site, consist of five technical volumes and six synthesis reports, providing
a scientific appraisal of conditions and trends in the world’s ecosystems and the services they
provide (such as clean water, food, forest products, flood control, and natural resources) and
the options to restore, conserve, or enhance the sustainable use of ecosystems.
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Toxic Substances Hydrology Program, http://toxics.usgs.gov/index.html. Toxic Substances Hydrology
Program A U.S. Geological Survey program that provides scientific information on chemical
contamination of ecosystems. Publications and other information can be downloaded from
the program Web site.

Organizations

Ecological Society of America, http://www.esa.org. The major professional organization of ecologists
in the United States.

International Association for Ecology and Health, http://www.ecohealth.net. A smaller professional
organization that focuses directly on links between ecology and health.
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KEY CONCEPTS

B Toxicology is an interdisciplinary field that studies the adverse effects of chemi-
cals on biological systems.

B All substances have the potential to be toxic, so it is important to determine which
compounds pose the most likely human exposures, are most potent, and are most
likely to harm human health.

B Route of exposure is an important determinant of toxic outcomes.

The structure of a chemical can provide clues as to its relative level of toxicity
and selectivity.

B Through the process of metabolism, chemicals can be modified to forms that are
either more or less toxic than the parent chemical.

B Basic toxicology testing is critical to proper risk assessment.
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OXICOLOGY (from the Greek toxinos, meaning “poison”) is the study
of the adverse effects of chemicals on biological systems. These adverse
effects can range from mild skin irritation to liver damage, birth defects,
and even death. Both natural and man-made chemicals are studied. The breadth
of topics in toxicology requires the field to take an interdisciplinary approach, bor-
rowing techniques and methods from numerous scientific fields (Figure 2.1). The
term biological system can be broadly defined, and so a toxicologist might study
the effects of pesticides on insect physiology, of herbicides on plant development,
of antibiotics on bacterial growth, or of pollution on an entire ecosystem (the latter
has evolved into a separate discipline termed ecotoxicology; see Walker, Hopkin,
and Sibly, 2006). However, most work in the field of toxicology is focused on the
adverse effects of chemicals on human health. This chapter examines these adverse
effects with an emphasis on the impact of environmental agents on human health,
such as the deleterious effects of reactive gases on pulmonary function, environ-
mental estrogens on reproductive function, and pesticides on neuronal function.
Typically, a toxicologist has earned a PhD degree in toxicology or a related
field (such as biochemistry, pharmacology, or environmental health) and has
received additional training in laboratory science during postdoctoral fellow-
ships. Toxicologists are employed in academia, industry, and government posi-
tions. Academic toxicologists perform basic research on the adverse effects of
chemicals, train the next generation of toxicologists, and teach toxicology to pub-
lic health, medical, pharmacy, and veterinary students. Toxicologists in pharma-
ceutical companies seek to identify adverse effects of new drugs before these drugs
move into clinical trials, and they may suggest ways these drugs can be modified to
minimize toxicity. A toxicologist at an agricultural company may work to develop
safer and more effective pesticides. On the government side, toxicologists at
the Food and Drug Administration, the Environmental Protection Agency, and the
Centers for Disease Control and Prevention ensure that companies are following
federal regulations, determine the relative safety of drugs or chemicals, provide
resources to the general public regarding toxic exposures, and advise the govern-
ment on policy decisions regarding industrial products. Indeed, the subdiscipline
of regulatory toxicology has been developed to address specific issues involved in
decision making by governmental agencies, but it is grounded in the basic founda-
tions of the discipline of toxicology described in the following pages.

Jason R. Richardson declares no competing financial interests. Gary W. Miller declares receiving
grants from the National Institutes of Health, Omeros, Inc., and Neuronova, Inc. In addition, he
has served as a consultant and expert witness for several legal cases involving toxicology issues.
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FIGURE 2.1 Interdisciplinary Nature of Toxicology

Pharmacology

Epidemiology

Biochemistry Pathology

Toxicology borrows from several disciplines to characterize the adverse effects of
chemicals.

A basic tenet of toxicology is that all substances have the potential to be
toxic. Paracelsus, the father of toxicology, was the first to articulate this concept.
Although poisons such as strychnine, cyanide, or nerve gas come readily to mind,
every compound can cause toxicity. Of course all compounds are not equally
toxic; some have effects at minuscule doses and others require very high doses.
For example, table salt (sodium chloride) used in moderation is fine in the human
diet, but consuming half a cup of salt a day would eventually cause significant
electrolyte and kidney problems and possibly death (Exhibit 2.1). Gonversely,
ingestion of even a small amount of potassium cyanide (one gram) can kill a
human. It is the job of the toxicologist to determine the relative toxicity of vari-
ous compounds. This information, when combined with information about the
potential benefits of a compound, aids regulatory bodies in deciding whether a
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PERSPECTIVE
“The Dose Makes the Poison”—Paracelsus

Philippus Aureolus Theophrastus Bombastus von Hohenheim (1493-1541; his
friends called him Paracelsus) was a respected physician of his day. He stated, Alle
Ding sind Gift und nichts ohn Gift; alein die Dosis macht da ein Ding kein Gift ist (“All
things are poison and nothing is without poison; only the dose makes a thing not a
poison”). This may be paraphrased as, all substances are toxic; the dose differenti-
ates a remedy from a poison—or even more simply, the dose makes the poison.

EXHIBIT 2.1
LD, for Various Compounds

The LD, or lethal dose for 50 percent, is the dose of a chemical that kills 50 percent of
those exposed to it in a defined time frame. A low LD, for a chemical indicates that
compared to other compounds less of this chemical is needed to cause toxicity—that it
is more potent, or in common terms, that it is more poisonous. Here, for example,
are the LD,s and the structures for several chemicals; LD s are expressed in terms of
dose per kilogram of body weight.

Glyphosate (Roundup): 5,600 mg/kg
O

0
)J\/ H Il
0 N -R"oH

OH

Table salt (sodium chloride): 2,400 mg/kg
NaCl

Pseudoephedrine: 660 mg/kg

OH
TOH
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Acetaminophen (Tylenol): 500 mg/kg

oY
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compound is acceptable for a particular use and what doses (for a medication) or
exposures (for other chemicals) are permissible. For example, the general public
(and regulatory agencies) would not tolerate a cold remedy that caused mild liver
or kidney damage in 10 percent of users or a food additive that caused cancer in
1 in 1,000 consumers. However, if a new chemotherapeutic agent cured cancer
in 80 percent of the cases, some mild liver or kidney damage might be found to
be acceptable. Toxicology helps researchers to characterize the adverse effects
that form part of the risk-benefit balance for a given chemical, and defining
the dose-response relationship is perhaps the most critical aspect of this
process.

Chlorpyrifos (Dursban): 118 mg/kg

Sodium cyanide:10 mg/kg
NaCN

VX nerve gas:1 mg/kg

Y %)
YN\/\S/P'\'(’;I/
A\

Saxitoxin (shellfish toxin): 0.003 mg/kg
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The dose-response relationship quantitatively describes the association
between exposure to a compound and the toxic effects produced by that expo-
sure. In order for a chemical to exert a toxic effect, the chemical or its active
metabolite must reach the site in the body where it can exert its adverse actions,
it must do so at a concentration sufficient to cause an effect, and it must persist at
this site long enough to exert the effect. In order to assess the toxicity of a given
chemical, we need to know not only about the toxic effects it produces but also
how an individual might be exposed to the compound and how frequently that
exposure occurs (exposure is examined further in Chapter Four). Dermal expo-
sure, ingestion, and inhalation are the major routes by which humans can be
exposed to chemicals, and the route of administration can have a significant effect
on the toxicity of certain chemicals. For example, the pesticide chlorpyrifos is
ten times more toxic via oral administration than dermal application.

Several issues must be considered when evaluating a dose-response relation-
ship. First and foremost, it must be known that the response observed is due to the
exposure to the compound. Second, the magnitude of the response should be a
function of the dose administered. Finally, there should be a quantitative method
for measuring the response (Eaton and Gilbert, 2007).

Decades ago many compounds could be detected only at relatively high con-
centrations, for example, in parts per million. Today’s detection systems, such as gas
and liquid chromatography, mass spectrometry;, and atomic absorption spectrometry,
are up to a million times more sensitive. As a result, dangerous chemicals are now
often detected in environmental samples; however, they may be present at extremely
low levels. It is essential to remember that the dose, and not the mere presence of
a toxicant in a sample, makes the poison. If it takes a concentration of 10 parts
per billion of a particular compound to cause any toxicity and if that compound is
detected at 1 part per trillion, it is very unlikely to cause an effect. Thus one of the
most important questions to ask is, How much of the compound is in the environ-
ment? As described in Chapter Lour, this is the domain of an exposure assessment
professional, often working in conjunction with a toxicologist or chemist.

TOXICOLOGY AND ENVIRONMENTAL PUBLIC HEALTH

Toxicology is an essential part of environmental health and of public health more
generally. Public health professionals manage resources necessary to maintain
health, prevent disease, and treat illnesses. A chemical or other environmental
contaminant that harms humans at levels found in the environment raises obvious
public health concern.

The field of toxicology helps determine the conditions under which a given
compound may cause adverse effects, so it is important for public health professionals
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to understand key concepts that toxicologists use to make these determinations. Once
exposure has occurred, through what routes does the compound enter the body?
How much of the compound enters? Where in the body does it go? What does it do
once it reaches a particular organ? What physiological effects follow, and if appropri-
ate, what forms of treatment exist? How does the body handle the compound? Is it
stored in particular organs, and is it metabolized and cleared? Armed with the scien-
tific principles of toxicology, the public health professional can find answers to these
questions and make prudent decisions on how to manage a particular exposure.

Toxicology is integrated into public health practice in several ways. For exam-
ple, in providing safe drinking water to a community, it is important to understand
both the adverse effects of organisms found in the water and the adverse effects of
chemicals used to kill the organisms. As discussed in Chapter Fifteen, chlorination
is an effective means of reducing microbiological contamination in water, but it
can result in the presence of chlorinated organic compounds known as disinfection
by-products. Toxicology can help in identifying these compounds, assessing the risk
they pose, and balancing that risk against the risk of microbiological contami-
nants. Once again, the collaboration between professionals in related disciplines,
risk assessment in this case, becomes critical in protecting the public.

Another reason that a student in any discipline, especially environmental health,
should develop an appreciation for toxicology is that it is highly relevant to his or
her own health. We are exposed to a myriad of chemicals every day. We ingest
chemical residues in the food we eat, and we inhale particles in the air we breathe.
Many people voluntarily ingest pharmaceutical and recreational drugs with little or
no knowledge of the potential adverse effects. An understanding of toxicology can
clarify some of these issues and help us make healthy choices. For example, a student
who has a basic understanding of toxicology will realize that a claim that a product—
whether a vitamin, an herbal supplement, an agricultural chemical, a medication,
or an illegal drug—has no side effects is erroneous and misleading. Virtually no
agent is completely free of adverse effects, given sufficient doses and circumstances.
Similarly, a student who thinks in terms of toxicological action will realize that natu-
ral is not the same as safe. Nature produces some highly toxic compounds, such as
arsenic, many snake venoms, and the carcinogenic toxins produced by some molds.
Many psychogenic compounds are completely natural but can have dramatic and
long-term adverse effects on brain chemistry. Natural is not necessarily safe.

TOXICANT CLASSIFICATIONS

Toxic compounds are categorized in three major ways: by chemical class, by source of
exposure, and by effects on human health, or more specifically; on specific organ sys-
tems (Table 2.1). A knowledge of each category helps in understanding toxicology.
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TABLE 2.1 Examples of Toxicants Classified in Three Ways

Chemical class Alcohols
Solvents
Heavy metals
Oxidants
Acids
Source of exposure Industrial wastes
Agricultural chemicals
Waterborne toxicants
Air pollutants
Food additives
Organ system affected Kidney (nephrotoxins)
Liver (hepatotoxins)
Heart (cardiotoxins)
Nervous system (neurotoxins)
DNA (mutagens, carcinogens)

PERSPECTIVE
A Train Crash That Released Chlorine Gas

On January 6, 2005, a train hauling forty-two cars, three of which were tankers filled
with chlorine gas, collided with a locomotive with two cars parked on a side track
near a mill in Graniteville, South Carolina. The crash derailed sixteen cars, including
the three chlorine tankers. Fortunately, only one of the chlorine tankers was damaged,
but it sustained a four-inch hole in its side. A cloud of chlorine gas spread throughout
the area, exposing hundreds of people in the following hours.

Chlorine is a yellow-greenish gas with intermediate water solubility. It can com-
bine with water to form hydrochloric acid and hypochlorous acid:

Cl, + H,0 = HCI + HOCI

Thus, when chlorine gas is inhaled, it can react with the moisture in a person’s
eyes, mouth, and airways to form corrosive acids. The initial symptoms include irrita-
tion and pain of the conjunctivas (linings of the eyelids) and the mucosal linings of
the nose, pharynx, larynx, trachea, and bronchi. The irritation of the airway mucosa
leads to local edema (swelling). When the reaction is severe, pulmonary edema can
occur, with the lungs filling with fluid, impairing breathing. This is precisely what was
seen in the people exposed in Graniteville. Those exposed to low levels of the gas
complained of eye and throat irritation, and those closer to the accident scene had
significant breathing difficulties.

Fortunately, local and federal response teams had information on how to deal
with a chlorine release. Much of our knowledge of the toxicological consequences of
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Chemical Class

Source

Examples of chemical classes are heavy metals, alcohols, and solvents. In essence
the rules of chemistry create the classes, based on such features as functional
groups, the presence of metallic elements, and physical properties, such as vapor
pressure. Chemical classification may also address physical state, that is, whether
a toxicant exists as a liquid, solid, gas, vapor, dust, or fume.

of Exposure

The second system of categorization is functional and is based on the source of
exposure. Examples are industrial pollutants, waterborne toxicants, air pollutants,
and pesticides. These categories are useful in identifying the source of a problem
and are commonly used by environmental health professionals. However, chemicals
used in similar ways may vary greatly in their mechanism of toxicity. Because this
categorization system groups together chemicals with little chemistry in common,
it can obscure connections based on molecular structure. To the toxicologist this
system ignores the biological mechanisms that underlie toxicity:.

chlorine gas has, sadly, come from dramatic human suffering. During World War |,
at Ypres, the German army used chlorine gas (and a related chemical, phosgene) as
a chemical weapon, killing over 40,000 soldiers. Chlorine gas is heavier than air, so
it settled into the trenches. The soldiers trapped there died of massive pulmonary
edema. Since then, there have been several industrial incidents in which storage
tanks or railway tank cars have released significant quantities of chlorine gas.

The response in Graniteville had several components. A hazardous materials (or
HAZMAT) team, wearing suitable protective equipment, was able to patch the leak
before all the chlorine escaped. The exposed area was cleared, and chlorine levels were
monitored until the gas had dissipated. Affected individuals were taken to medical
facilities where they were clinically evaluated with physical examinations, chest X-rays,
and pulmonary function testing, and were treated when necessary with such interven-
tions as supplemental oxygen and bronchodilators. Clinical follow-up monitored them
for the presence of persistent respiratory problems, including a condition called reactive
airways dysfunction syndrome, which can follow acute irritant inhalation exposures.

From a historical perspective the incident at Graniteville stands out as one of
the worst chlorine gas releases in the United States. Over 5,000 people were evacu-
ated, 250 people were injured, and 9 people died. Those who were injured may
continue to have breathing difficulties for years. The community of Graniteville was
devastated by this incident, which resulted in the closing of the mill and the loss of
many jobs in addition to the immediate injuries and deaths. This incident illustrates
the acute toxicity of irritating inhaled materials and how this exposure may occur
both in the workplace and in the general environment. It also illustrates the trade-
offs inherent in environmental health; although chlorine gas is highly toxic, chlorine
has an important, and arguably essential, public health role in water purification.
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Organ System Affected

The third system of categorization looks at the organ system in which toxic effects
are most pronounced (the target organ). For example, toxins that damage the
liver are referred to as hepatotoxins and those that target the kidney are called
nephrotoxins. Compounds that damage the nervous system, whether peripheral
or central, are neurotoxins. Chemicals that disrupt DNA structure or function

PERSPECTIVE
Endocrine Disruptors

Over the past several years, toxicologists have been observing that chemicals in the envi-
ronment may act in a manner analogous to that of endogenous hormones in wildlife
and humans. Such chemicals are termed endocrine disruptors and can be defined as
exogenous substances or mixtures that alter the function of the endocrine system and
cause adverse health effects. Although this concept has received heightened attention
in recent years, it is not new. Rachel Carson’s book Silent Spring, published in 1962, is
widely considered to have foreshadowed the current interest in endocrine disruption.
Carson suggested that widespread and heavy use of the insecticide DDT was causing
problems in bird reproduction, and that if not stopped DDT use would devastate bird
populations and lead to a “silent spring.” More recently, in Our Stolen Future, Colburn,
Dumanoski, and Myers (1996) directly addressed the issue of endocrine disruption and
asserted that environmental endocrine disruptors may threaten future generations.

The endocrine disrupters that have gained the most attention mimic endogenous
estrogen; they are often termed environmental estrogens or xenoestrogens (Dickerson
and Gore, 2007). Estrogen is the predominant female reproductive hormone. It exerts
its physiological actions by binding to nuclear receptors and activating gene transcrip-
tion in target tissues such as the breast, uterus, and brain. Environmental estrogens
may disrupt normal estrogen function by binding to these same receptors and elicit-
ing a similar, although usually smaller, response as the endogenous hormone or by
blocking normal estrogen binding to these receptors. Chemicals that may act this
way include the pesticide DDT and polychlorinated biphenyls (PCBs). Evidence
of this phenomenon in the environment includes observations of feminized male fish
downstream from pulp mills, associated with high concentrations of chlorophenolic
compounds produced during the pulp bleaching process, and male feminization and
reproductive failure among alligators in Lake Apopka, Florida, associated with elevated
levels of DDT and its metabolite DDE following a pesticide spill. There is some evi-
dence linking human trends such as menarche at younger ages and declining sperm
counts with environmental estrogens, although this finding remains controversial.

In addition to man-made chemicals that may act as estrogen mimics, there are also
naturally occurring estrogen mimics, such as the isoflavones that are synthesized by
plants as a defense against pathogens and herbivores. Indeed, high levels of isoflavones
in clover have been linked to the infertility in sheep termed clover disease. High levels
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are classed as genetic toxicants, mutagens, or carcinogens, depending
on their specific effects. Other organ systems that can be the targets of toxicity
include the respiratory system, cardiovascular system, skin, reproductive system,
endocrine system, immune system, and blood. Fetal development is more a process
than an organ system, but it too is often viewed as a target of toxic exposures.

of isoflavones have also been found in soy milk. Excretion of natural hormones, the
use of estrogen-containing pharmaceuticals, and the use of veterinary medication
may also contribute to the levels of estrogens in the environment.

Estrogens are not the only hormones whose action may be disrupted by envi-
ronmental chemicals. The androgenic pathway has also been suggested to be a
target for a variety of environmental toxicants, including phthalates, vinclozolin,
and DDE. These chemicals may interfere with androgen-mediated events such
as formation of the male genitalia during embryogenesis. Indeed, recent animal
studies have demonstrated that in utero exposure to vinclozolin results in transgen-
erational toxicity to the testes (Anway, Cupp, Uzumcu, and Skinner, 2005).

The thyroid system is another major endocrine target of environmental toxi-
cants. Various chemicals have been demonstrated to interfere with thyroid func-
tion, primarily in laboratory tests. For example, PCBs, polybrominated diphenyl
ethers, and perchlorate have all been demonstrated to affect thyroid function.
Because thyroid hormones are critical in neurodevelopment and metabolic con-
trol, there is increasing concern over the effects such chemicals might have on
the human population and whether such exposures might contribute to cognitive
dysfunction, decreased IQ, obesity, or diabetes (Tan and Zoeller, 2007). Here are
the structures of six suspected endocrine-disrupting chemicals.

Cl (0}

Isoflavone Cl (e} Vinclozolin
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Organ system classification of toxicants is favored by most toxicologists. When
working to protect human health, one needs to consider how a chemical will
affect a particular physiological function, whether it be blood pressure, respiration,
memory, or urine production. Because each of these functions is controlled by a
particular organ system (or systems), organ system classification provides a logical
framework for toxicologists; indeed toxicologists often specialize in the actions of
compounds on a specific organ system. Also, even though compounds that affect a
specific system may differ in their chemical composition, they often share the fea-
tures that lead them to target that system. A public health professional should not
be satisfied with knowing that a particular substance is toxic, but should ask, What
does it do to the body? What system is it disrupting? What are the expected effects?
The organ system approach is especially helpful in answering such questions.

To evaluate the toxic effects of a chemical on a particular organ system,
one needs a general understanding of how that system works. For example, the
main function of the kidneys is to maintain fluid and electrolyte homeostasis in
the body. This i1s accomplished by the reabsorption of material filtered from the
blood, including water, ions, and nutrients, and by the excretion of waste mate-
rial. The kidneys receive a disproportionate amount of the body’s blood flow,
approximately 20 percent of cardiac output, considering that they represent less
than 1 percent of the total body weight. This high blood flow, in combination
with the numerous transport mechanisms within the kidney, renders the kidneys
exquisitely sensitive to damage by blood-borne toxicants. Of all the cell types in
the kidney, one of the most common targets of toxicant-induced injury is the
proximal tubule. The renal proximal tubule is divided into three morphologically
distinct segments, designated S1, S2, and S3. S1 is characterized by a thick brush
border and high rates of metabolism and transport. S2 contains fewer mitochon-
dria than S1 and has a less developed brush border. S3 contains sparse amounts of
mitochondria and in most species the brush border is shorter than that of S2. The
proximal tubule reabsorbs 99 percent of the glomerular filtrate. The numerous
transport mechanisms in the proximal tubule allow reabsorption of amino acids,
sugars, proteins, bicarbonate, sodium, potassium, chloride, phosphate, and other
solutes. Damage to the proximal tubules by toxicant exposure can lead to dete-
rioration of renal function and ultimately renal failure. Exposure to mercury,
for example, 1s known to damage S3 segments of the proximal tubule. Enzymes
involved in S3 brush border functions may slough off into the urine, providing
a biomarker for this type of injury. A toxicologist interested in identifying how
mercury alters renal function might isolate proximal tubules in the laboratory
and perform toxicity tests on these isolated cellular sections. Another approach
would be to study animals, evaluating renal function from urine clearance studies
and post mortem examination.
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TOXICANTS IN THE BODY

After a person is exposed to a xenobiotic (a chemical foreign to the body), a
sequence of steps determines the response to the chemical: absorption into the
body, distribution throughout the body, metabolism, and excretion. Along
the way, toxic effects may occur. Understanding the risks of a chemical exposure
and how to reduce these risks requires understanding toxicokinetics, that is, the
processes in this toxicological sequence.

Absorption

Once a person has come in contact with a toxic compound, that compound may gain
access to the body. It is not enough for this compound to contact the skin, be inhaled
into the lungs, or enter the intestinal track; it must actually traverse the biological
barrier. Each of these pathways exhibits characteristics that affect absorption.

The gastrointestinal system is designed for nutrient absorption, and it has a
large surface area with numerous transport mechanisms. Many toxicants can take
advantage of this system to enter the body. Toxicants can also be absorbed through
the pulmonary alveoli. The alveoli are the functional units of the lung and the sites
of gas exchange between the air and the blood supply. Alveoli allow diffusion of
most water-soluble compounds. In addition, water-soluble compounds dissolve in
the mucous lining of the airways and may be absorbed from there. Lipid-soluble
(fat-soluble) gases can also cross into the bloodstream via the alveoli. Large particles
and aerosol droplets of a toxicant may be deposited in the upper part of the lungs,
where cilia attempt to excrete them. Smaller particles and aerosols penetrate more
deeply, reaching the alveoli, where absorption is very efficient. The skin represents
a third key route of toxicant exposure. Many occupational exposures occur via this
route. Although intact skin offers an effective barrier against water-soluble toxicants,
fat-soluble toxicants can readily penetrate the skin and enter the bloodstream.

Distribution

Once in the bloodstream a toxicant can be distributed throughout the body. If the
toxicant is lipid soluble, it is often carried through the aqueous environment of
the bloodstream in association with blood proteins, such as albumin. Toxicants
generally follow the laws of diffusion, moving from areas of high concentration to
areas of low concentration. Chemicals absorbed in the intestine are shunted to the
liver through the portal vein, in a first-pass process, and may undergo metabolism
promptly. A limited number of chemicals may be excreted unchanged into bile
or by the kidneys into urine.
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Metabolism

Once in the body most toxicants undergo metabolic conversion, or biotrans-
formation, a process mediated by enzymes. The majority of biotransformation
reactions occur in the liver, which is rich in metabolic enzymes. However, nearly
all cells in the body have some capacity for metabolizing xenobiotics. In general,
metabolic transformations lead to products that are more polar and less fat solu-
ble. The metabolic product is therefore more soluble in urine, which facilitates its
excretion. For example, benzene is oxidized to phenol, and glutathione combines
with halogenated aromatics to form nontoxic and more polar mercapturic acid
metabolites. However, metabolic transformations sometimes yield increasingly

PERSPECTIVE
Chemical Carcinogenesis

That cancer can result from chemical exposure has been known for over two centu-
ries. Cancer is pathologically defined as uncontrolled cell growth, growth that reflects
alterations in the cell’s genome or gene expression (or both). Chemically induced
carcinogenesis is thought to proceed in stages. The first stage, initiation, is asso-
ciated with an irreversible change in cell genotype or phenotype. At this time the
cell either moves to the next stage in the process or is destroyed, typically through
programmed cell death (apoptosis). In the initiation stage the chemical carcinogen
may act through a genotoxic mechanism and directly damage DNA. Alternatively, the
carcinogen may alter signal transduction pathways, resulting in altered phenotype.
Chemicals that act in this latter manner are termed epigenetic. The second stage,
promotion, involves factors that facilitate cell growth and replication, such as dietary
and hormonal factors. Promotion is not required for all chemical carcinogens, and
unlike initiation, it is reversible. An example of a promoting agent is the hormone
estrogen, which activates gene expression pathways in target organs such as the
breast and thereby promotes tumor growth. Another example of a promoter is any
chemical that inhibits the programmed cell death that would normally terminate an
initiated cell. The third stage, progression, is irreversible and involves morphological
alterations in the genomic structure and growth of altered cells. In the final stage,
metastasis, the affected cell population spreads from its immediate microenvironment
to invade other tissues.

Many of the known environmental chemical carcinogens must be bioactivated in
order to exert their damaging effects. An example is benzo[a]pyrene, which must be
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toxic products. One example is the oxidation of methanol (a relatively nontoxic
compound in its native form) to formaldehyde and formic acid (a compound that
1s quite toxic to the optic nerve and causes blindness).

The idea that metabolism may increase the toxicity of a compound is well estab-
lished in the field of carcinogenesis. Vinyl chloride, known to cause liver and
other tumors, is oxidized to a reactive epoxide intermediate, which is actually the
proximate carcinogen. Similar transformations probably occur with trichloroeth-
ylene, vinylidene chloride, vinyl benzene, and chlorobutadiene. In fact a major
mechanism of carcinogenicity in aromatic compounds is conversion to reactive
epoxides, which in turn combine with cellular nucleophiles, like DNA and RNA.

converted to its epoxide metabolite in order to damage DNA, as displayed in the
following graphic. Other chemical carcinogens include metals (such as arsenic,
chromium, and nickel), minerals (such as asbestos), aliphatic compounds (such
as formaldehyde and vinyl chloride), and aromatic compounds (such as coke
oven emissions and naphthylamines).
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Although many chemicals have the potential to induce cancer, a number of
defense mechanisms can mitigate cell damage. Many enzyme systems can detoxify
reactive toxicants before they can interact with their target molecules. DNA repair
mechanisms can often repair damage caused by toxicants. If DNA is not repaired,
the cell may undergo programmed cell death before the altered DNA can be repli-
cated. Finally, the immune system can seek out and destroy transformed cells that
have escaped the other mechanisms of defense.
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Traditionally, metabolic transformations are divided into four categories: oxi-
dation, reduction, hydrolysis, and conjugation. Transformations in the
first three of these reaction categories, known as phase I reactions, generally
increase the polarity of substrates and can either increase or decrease toxicity
by revealing functional sites. Many compounds undergo bioactivation at this
stage. In conjugation, the only phase II reaction, polar groups are added to
the products of phase I reactions. Most chemicals pass sequentially through these
two phases, although some are directly conjugated. The spectrum of reactions
of each type can be found in any toxicology text, and only a few examples, of
environmental health interest, are presented here.

Oxidation is the most common biotransformation reaction. There are two
general kinds of oxidation reactions: direct addition of oxygen to the carbon,
nitrogen, sulfur, or other bond, and dehydrogenation. Most of these reactions are
mediated by microsomal enzymes, although there are mitochondrial and cytoplas-
mic oxidases as well. Reduction is a much less common biotransformation than
oxidation, but it does occur with substances whose redox (oxidation-reduction)
potentials exceed that of the body. Conjugation involves combining a toxin with a
normal body constituent. The result is generally a less toxic and more polar mol-
ecule, which can be more readily excreted. However, conjugation can be harmful
if it occurs in excess and depletes the body of an essential constituent. Hydrolysis
is a common reaction in a variety of biochemical pathways. Esters are hydrolyzed
to acids and alcohols, and amides are hydrolyzed to acids and amines.

As mentioned earlier, various combinations of these reactions may be assem-
bled in response to the same toxicant. Metabolic strategies for a particular toxin
may vary widely among species, so an animal study, to be applicable to humans,
should use a species with pathways similar to those of humans. The most promi-
nent enzyme system for performing phase I reactions is the cytochrome 450 sys-
tem, also known as the mixed-function oxygenase system. These enzymes are
found in the endoplasmic reticulum of hepatocytes and other cells. In recent
years advances in molecular biology have greatly expanded our understanding
of cytochrome P450. Dozens of distinct P450 genes have been identified and
sequenced. They have been grouped into eight distinct families, and for many;,
specific functions have been identified. For example, the enzyme CYP1Al meta-
bolically activates polycyclic aromatic hydrocarbons (PAHSs); the enzyme
CYP2DE6 is responsible for metabolizing such medications as beta-blockers, tri-
cyclic antidepressants, and debrisoquin, an antihypertensive; and the enzyme
CYP2E]1 bioactivates vinyl chloride, methylene chloride, and urethane.

These insights in turn have helped explain why people may vary widely in
their metabolic activity following similar exposures. Polymorphism in the genes
that code for various P450 proteins has been shown to result in different metabolic
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phenotypes (see Chapter Six). For example, people whose CYP2D6 phenotype
makes them poor metabolizers of debrisoquin are at risk of various adverse drug
reactions, whereas extensive metabolizers are at increased risk of lung cancer,
probably because of carcinogenic metabolites they produce.

Any enzyme system has a finite capacity. When a preferred pathway experi-
ences saturation, the remaining substrate may be handled by alternative path-
ways (most substrates can be metabolized by more than one enzyme system).
However, in some instances when a preferred metabolic pathway is saturated,
the substrate may persist in the body and exert toxic effects. One form of enzyme
saturation is competitive inhibition. This may be a mechanism of toxicity,
as when organophosphate pesticides compete with acetylcholine for the binding
sites on cholinesterase molecules, or when metals such as beryllium compete with
magnesium and manganese for enzyme ligand binding. However, competitive
inhibition 1s also important in metabolizing toxins. For example, methyl alcohol
1s oxidized by the enzyme alcohol dehydrogenase to the optic nerve toxin formal-
dehyde. This process can be blocked by large doses of ethanol, which competes
for the binding sites of the enzyme and slows the formation of the toxic metabo-
lite. The drug fomepizole acts in the same way, by selectively inhibiting alcohol
dehydrogenase. This drug has been used to treat ethylene glycol poisoning,
preventing the formation of the toxic metabolites glycolic acid and oxalic acid.

The enzyme systems that metabolize xenobiotics are not static. When the
demand is high, their synthesis can be enhanced in a process called enzyme
induction. The resulting increase in enzyme activity helps the organism respond
to subsequent exposures not only to the original xenobiotic but to similar sub-
stances as well. DD'T" and methylcholanthrene are examples of substances known
to induce metabolic enzymes. People vary in their capacity for biotransformation
in several ways. Two areas of variation have already been mentioned: genetic
factors and enzyme induction. Other factors that account for interindividual
differences in metabolism are general health, nutritional status, and concurrent
medications.

Excretion

Biotransformation tends to make compounds more polar and less fat soluble; the
beneficial outcome of this process is that toxins can be more readily excreted from
the body. The major route of excretion of toxins and their metabolites is through the
kidneys. The kidneys handle toxins in the same way that they handle any serum sol-
utes: passive glomerular filtration, passive tubular diffusion, and active tubular secre-
tion. Smaller molecules can reach the tubules through passive glomerular filtration,
because the glomerular capillary pores will allow molecules of up to about 70,000
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daltons to pass through. However, this excludes substances bound to large serum
proteins; these substances must undergo active tubular secretion to be excreted. The
tubular secretory apparatus apparently has separate processes for organic anions
and organic cations, and, as with any active transport system, these processes can
be saturated and competitively blocked. Finally, passive tubular diffusion out of the
serum probably occurs to some extent, especially for certain organic bases. Passive
diffusion also occurs in the opposite direction, from the tubules to the serum. As
in any of the membrane crossings discussed previously, lipid-soluble molecules are
reabsorbed from the tubular lumen much more readily than are polar molecules
and 1ons, which explains the practice of alkalinizing the urine to hasten the excre-
tion of acids. The daily volume of filtrate produced is about 200 liters—five times
the total body water—in a remarkably efficient and thorough filtration process.

A second major organ of excretion is the liver. The liver occupies a strategic
position because the portal circulation promptly delivers compounds to it follow-
ing gastrointestinal absorption. Furthermore, the generous perfusion of the liver
and the discontinuous capillary structure within it facilitate its filtration of the
blood. Thus excretion into the bile is potentially a rapid and efficient process.
Biliary excretion is somewhat analogous to renal tubular secretion. There are spe-
cific transport systems for organic acids, organic bases, neutral compounds, and
possibly metals. These are active transport systems with the ability to handle pro-
tein-bound molecules. Finally, reuptake of lipid-soluble substances can occur after
secretion, in this case through the intestinal walls. Toxicants that are secreted with
the bile enter the gastrointestinal tract and, unless reabsorbed, are secreted
with the feces. Materials ingested orally and not absorbed and materials carried
up the respiratory tree and swallowed are also passed with the feces. All of this
may be supplemented by some passive diffusion through the walls of the gastroin-
testinal tract, although that is not a major mechanism of excretion.

Volatile gases and vapors are excreted primarily by the lungs. The process is
one of passive diffusion, governed by the difference between plasma and alveolar
vapor pressure. Volatiles that are highly fat soluble tend to persist in body reser-
voirs and take some time to migrate from adipose tissue to plasma to alveolar air.
Less fat-soluble volatiles are exhaled fairly promptly, until the plasma level has
decreased to that of ambient air. Interestingly, the alveoli and bronchi can sustain
damage when a vapor such as gasoline is exhaled, even if the initial exposure
occurred percutaneously or through ingestion.

Other routes of excretion, although of minor significance quantitatively, are
important for a variety of reasons. Excretion into mother’s milk obviously intro-
duces a risk to the infant, and because milk is more acidic (pH 6.5) than serum,
basic compounds are concentrated in milk. Moreover, owing to the high fat content
of breast milk (3 to 5 percent), fat-soluble substances such as DD'T" can also be
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passed to the infant. Some toxins, especially metals, are excreted in sweat or laid
down in growing hair, which may be of use in diagnosis. Finally, some materials
are secreted in the saliva and may then pose a subsequent gastrointestinal exposure
hazard.

Toxicokinetics

It is a useful exercise to track a potentially toxic compound from the environment
(water, air, soil, food) into and then through the body all the way to its molecular
site of action. This process is referred to as toxicokinetics. Suppose that a given
compound is generated as a by-product of a particular industrial process. Whereas
an exposure assessor measures the concentrations of the compound in the air
and an epidemiologist studies the incidence of certain diseases in the surrounding
community, the toxicologist is concerned with how the compound gets into the
body and what it does once it is there. For example, the compound may be inhaled
into the lungs. Once there, it rapidly crosses the alveolar membrane and enters
the pulmonary circulation. It travels through the pulmonary vein to the left side
of the heart and then circulates throughout the entire body. A large proportion of
the compound goes to the liver, where it is activated into a reactive epoxide. This
metabolite then finds its way to the kidney, where it is reabsorbed along with salts
and other polar compounds and transported across the cellular membrane of the
proximal tubule. There it accumulates and damages cellular macromolecules.

If the toxicologist can show that this compound damages the kidney and
if the epidemiologist identifies an exposure-related increase in the incidence of
renal failure in a population, regulatory steps may be taken to eliminate or limit
the use of this compound. Toxicology can also be very useful in monitoring the
development of new compounds. If a toxicologist shows that a new compound
has an effect in rats or mice similar to the effect of a known toxicant, the new
compound is likely to show the same toxicity in humans, so a manufacturer would
be wise to discontinue development of that compound. Thus the understanding
of mechanisms can lead to the development of safer chemicals and drugs.
In fact, toxicology can inform developments in Green Chemistry, the design
of chemical products and processes that reduce or eliminate the use or generation
of hazardous substances.

TOXICOLOGICAL SPECIFICITY

Chemicals can exhibit an amazing level of toxicological specificity. A chemi-
cal that can be extremely toxic to one cell type or organ can be harmless
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to another. The most dramatic differences in specificity are found between
species. Glyphosate (Roundup) is used to kill unwanted or nuisance vegeta-
tion (for example, grass in sidewalk cracks). This compound was specifically
designed to inhibit 5-enolpyruvylshikimate-3-phosphate synthase, an enzyme
involved in a biochemical pathway (the shikimate pathway) in the chloroplasts
of higher plants, that produces aromatic amino acids. This pathway is essen-
tial for plant function, and when it is blocked, the plant dies. Animals, in con-
trast, rely on their diet for aromatic amino acids; they therefore do not have the
molecular target of glyphosate and do not exhibit toxicity until extremely high
exposures occur.

A different example is the piscicide rotenone, which is used to kill
unwanted fish. Rotenone disrupts mitochondrial function by disabling complex
I of the mitochondrial electron transfer chain (ETC). It exerts this action in
humans just as it does in fish. Thus, unlike glyphosate, rotenone is not species
specific. Species specificity therefore relates closely to the mechanism of toxic
action.

Another kind of specificity is target organ specificity. Toxicants, whether
endogenous or exogenous, are distributed to many cells and tissues but often
cause toxicity in only a specific type of cell or organ. This may be due in part
to greater accumulation of the toxicant in a particular cell type or organ. Some
cells may be specifically affected owing to their genetic or biological makeup or
the level of activity at which they function. For example, the heart and lung
may be particularly vulnerable because they receive the largest blood volumes of
all the organ systems. Conversely, the brain and testes may be protected from a
number of toxicants because of the presence of the blood-brain and blood-testes
barriers. However, the brain is extremely sensitive to toxicants that affect energy
metabolism, due to its high requirement for ATP (adenosine triphosphate), the
primary cellular energy source.

Some toxicants interact with targets that are shared by a number of cells,
tissues, or organs. Good examples of this type of toxicant are compounds such as
carbon monoxide and cyanide, which affect the cellular utilization of oxygen
or the supply of high-energy compounds such as ATP. Because every cell and
tissue requires oxygen and energy, these compounds have the ability to damage
many cell and tissue types. However, the organ systems that require the most
oxygen and energy are the most vulnerable to these toxicants. Thus the heart
and brain are considered uniquely sensitive to the toxic effects of cyanide and
carbon monoxide.

In contrast, some toxicants are more selective and are especially toxic for
particular cell types or organ systems. For example, the herbicide paraquat
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specifically targets the lung via selective uptake by the diamine/polyamine
transporter. Once in the lung, paraquat readily undergoes oxidation-reduction
reactions, generating free radicals. This can result in lung fibrosis and ultimately
in death because of reduced respiratory capacity. Exposure of humans to less than
three grams of paraquat has been demonstrated to be lethal. Another example of
this 1s the different toxicities observed with different forms of mercury. Organic
mercury, typically methylmercury, readily crosses the blood-brain barrier and
targets the central nervous system. However, inorganic mercury concentrates in
the kidney and cause renal toxicity. This organ-specific toxicity is based on the
physicochemical properties of the two forms of mercury. The organic mercury
is hydrophobic, allowing it readily to cross into the lipid-rich brain, whereas
inorganic mercury is hydrophilic and is filtered into the kidney, where it can
concentrate and cause damage. Other toxicants are specifically designed to target
a particular organ system, as is the case with insecticides. Most insecticides are
designed to kill insects through hyperexcitation of the nervous system. For exam-
ple, the oxon metabolites of organophosphate insecticides inhibit the enzyme
acetylcholinesterase, with predictable physiological effects. Unfortunately, humans
have the same acetylcholinesterase enzyme as insects, giving rise to the possibility
of harm to humans.

All the previous examples have focused on acute toxicity, often at high doses.
However, humans are more commonly exposed to low levels of toxicants for long
periods of time, raising the possibility of chronic toxicity as opposed to acute
toxicity. An example of chronic toxicity is the development of emphysema or
lung cancer following years of cigarette smoking. In this situation the compounds
contained in cigarette smoke do not cause an immediate acute toxic outcome.
However, years of exposure to the compounds in cigarette smoke may overwhelm
the protective defenses of the body and result in damage to the lung. Another
example is the possible outcome of long-term exposure to the chemical acryla-
mide, which is often used as a waterproofing agent and to remove solids from
water, as in sewage treatment plants. Acrylamide is a neurotoxicant that attacks
the sensory and motor nerves, primarily in the extremities. It may cause damage
following a single high exposure; however, it has been demonstrated in laboratory
animals and in some occupationally exposed individuals that longer-term, lower-
level exposures can result in similar damage. In 2002, considerable concern fol-
lowed media reports of acrylamide in french fries. Some public health advocates
have called for more stringent regulation of acrylamide levels in food (Becalski,
Lau, Lewis, and Seaman, 2003). The Food and Drug Administration (FDA) is cur-
rently evaluating historical and ongoing studies to determine where there should
be more stringent regulation.
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PERSPECTIVE
Organophosphate Insecticides

Organophosphorus insecticides, commonly referred to as organophosphates, were
first synthesized by Gerhardt Schrader, in Germany, prior to World War Il. Although
Schrader’s interests were in the development of effective pesticides, the high toxic-
ity and volatility of some of the early compounds led to their development by the
German army as chemical warfare agents. After the war the interest in organophos-
phates as insecticides was renewed, and following the banning of organochlorine
pesticides in the 1970s, organophosphates became the primary class of pesticides,
with numerous uses in agricultural and household settings (see Chapter Seventeen).
Recently, for example, the organophosphate insecticide malathion was used in New
York City to combat mosquitoes thought to carry the West Nile virus.

Organophosphate insecticides exert their toxicity by inhibiting the enzyme ace-
tylcholinesterase, which elevates levels of the neurotransmitter acetylcholine. This
results in hyperstimulation of cholinergic receptors in the central and peripheral nerv-
ous system, leading to the characteristic signs of cholinergic poisoning: hypersecre-
tion (including diarrhea and excess production of saliva, tears, and urine), constricted
pupils, and spasm of the airways. With severe acute intoxication, organophosphates
cause death through depression of the respiratory center of the brain and paralysis
of the diaphragm.

In the body most organophosphates are converted to their oxon metabolites,
the active compound. This conversion occurs primarily in the liver and is catalyzed
by the cytochrome P450 family of enzymes. An example of this conversion, starting
with the pesticide chlorpyrifos, is shown in Figure 2.2. Chlorpyrifos may be converted
to the active oxon (chlorpyrifos-oxon), in a reaction termed desulfuration, a phase |
reaction. Alternatively, a detoxication reaction called dearylation may occur giving rise
to 3,5,6-trichloropyridinol and either diethyl phosphate or diethyl phosphorothioate.
This is also a phase | reaction and demonstrates the molecular complexity of biotrans-
formation in the body as it relates to exposure to toxic compounds.

The organophosphates provide a good example of trade-offs in environmental
health. Many of them are highly toxic and have had their uses restricted. However, this

TESTING COMPOUNDS FOR TOXICITY

How does a toxicologist determine that one compound is more toxic than another?
Several decades ago toxicologists used a rather crude method for determining the
relative toxicity of compounds. By exposing laboratory animals to compounds
and determining the dose that killed half the animals, they calculated the “lethal



TOXICOLOGY 71

FIGURE 2.2 Biotransformation Pathways
of Chlorpyrifos
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class of pesticides has reduced insect-borne disease and insect-related crop losses
over the past fifty years. Maximizing crop yield and safety and minimizing dis-
ease require a combination of toxicological knowledge and systems thinking, as
described in Chapter Twenty-Six.

dose for 50 percent,” or LD, an index that allowed comparisons among several
unrelated compounds. Although crude, the LD, has some important scientific
strengths. The exposure is well defined (unlike the exposure in most human situ-
ations), the outcome is unambiguous, the measure can be applied across different
compounds, and it can lead to a useful practical conclusion: if a compound is
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lethal at very low doses then human exposures should be prevented or strictly
controlled.

Animal testing is also used to study chronic toxicities, such as cancers. In
a typical study, animals are exposed to a suspected carcinogen at several dose
levels. There is also a placebo group. The animals are observed for a defined
period of time and then sacrificed to check for evidence of neoplasm. If, for
example, a compound causes excess liver cancer in rats at a relatively low dose,
it is prudent to restrict human exposures. Conversely, if rodent studies show no
adverse effects at doses orders of magnitude higher than humans experience, then
a chemical may be approved to proceed through development. Animal studies are
not without their limitations. They use higher doses than people typically experi-
ence in the environment, a necessity for maximizing the sensitivity of the testing,
Species-to-species differences make extrapolation from animals to humans dif-
ficult. Human life spans are longer than those of rodents, so long-term outcomes
in humans may not be evident in animals. Finally, critics have pointed to animal
welfare considerations, urging that alternatives to animal testing be developed
and used (Meyer, 2003).

A tiered approach to toxicological testing has now emerged, with at least two
approaches used alongside (and often before) animal testing (Figure 2.3). Desktop
analysis relies on quantitative structure-activity relationships (QSARs);

FIGURE 2.3 Approach to Toxicity Testing
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if the toxicologist notes that a particular chemical structure has a particular toxic-
ity, then other chemicals with related structures are assessed for the potential to
cause similar effects. In vitro testing involves exposure of cell systems, such as
bacteria or cultured human cells, to a potential toxin. Cellular responses such
as mutation are observed and help to predict human responses. Desktop and
in vitro studies are less expensive and more rapid than animal testing, but the
need to extrapolate to human responses, with all the assumptions required in that
exercise, make them less definitive methods than animal testing and epidemiologi-
cal studies. However, they are extensively used by pharmaceutical companies in
screening libraries of compounds for potential therapeutic use. QSARs have also
been used extensively in toxicology to ascertain molecular mechanisms of action
and identify compounds most likely to cause potential health effects in living
organisms. Another exciting development is the use of so called -omic technolo-
gies in toxicity testing. The advent of genomic, proteomic, and metabolomic tests
provide an opportunity to examine genes, proteins, and metabolites on a global
scale (see Chapter Six).

REGULATORY TOXICOLOGY

Toxicology can generate vast amounts of data on how chemicals affect human
health, but in order to improve public health this information must be integrated
into public policy. These issues fall into the domain of regulatory toxicology,
which is closely aligned with the field of risk assessment (see Chapter Twenty-
Nine for more information on how toxicological information is used in assessing
risk). However, the basic principles of the dose-response relationship described
earlier in the chapter are a critical part of the process. The shape of the dose-
response curve has many important implications for the assessment of toxicity.
One of the most important determinations that can be made from the shape of
the dose-response curve is whether or not a threshold exists for the expression of
toxicity. The threshold concept is built on the observation that for many chemi-
cals there is a dose below which no toxicity is observed. Although the presence of
a threshold is well established for a number of compounds, genotoxic carcinogens
(those that directly damage DNA) are considered to exhibit a no-threshold phe-
nomenon. Thus there is assumed to be no dose without risk.

Through evaluation of dose-response curves generated during animal test-
ing, as described previously, several values can be determined that can be a basis
for regulatory decisions. One of the most important values determined in such
studies is the no-observed adverse effect level, or NOAEL. This is the high-
est dose administered for which no harmful effects are observed. The NOAEL
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is used by the Environmental Protection Agency in establishing the reference
dose (RfD), which is an estimate of the daily oral dose of a chemical that is
likely to be without appreciable risk for an individual when taken over a lifetime.
Several factors must be taken into account in calculating such a value; when used
quantitatively these are termed uncertainty factors. The first uncertainty fac-
tor (Uf) reflects possible human-animal differences, and introduces a margin of
safety to account for such interspecies differences. Second, there may be intraspe-
cies differences in the response. Finally, other uncertainty factors may need to be
incorporated. A good example is the recognition that sensitive subpopulations
exist. Although this factor was thought to be addressed by the intraspecies uncer-
tainty factor, recent data demonstrating the unique susceptibility of children have
led to the inclusion of an additional safety factor for chemicals that may more
disproportionately children. Thus an RfD would be derived as follows:

NOAEL (mg/kg/day)
Ufinter X Ufingea X UF

intra

RfD (mg/kg/day) =

inter other

For the inter- and intraspecies difference, the Ufs are typically set at 10. So in
general the NOAEL derived from animal studies would be divided by 100
to establish the RfD, if no other Ufs were deemed to be required.

More recently, toxicologists, risk assessors, and regulators have noted that
the monotonic dose-response curve typically considered in risk assessment may
not be correct for all chemicals. For example, essential nutrients such as vita-
mins exhibit a U-shaped dose-response curve. At very low levels of consump-
tion, vitamin D deficiency causes toxic effects such as rickets. Once intake rises
above the deficiency level, a region of homeostasis is achieved. However, vitamin
D in excess of that level can result in kidney damage. Although this U-shaped
curve was initially described for radiation effects and nutrients, there is emerg-
ing evidence that environmental toxicants may also exhibit similar dose-response
relationships. This concept is termed hormesis, and is often attributed to a
pattern of low-dose stimulation and high-dose inhibition, which produces the
characteristic U- or J-shaped dose-response curve (Calabrese, 2005). An emerg-
ing literature on bisphenol A, an endocrine disruptor, suggests an inverted
U-shaped dose-response curve, with effects at very low doses and fewer effects at
high doses—implying that traditional risk assessment approaches may need to be
reconsidered (Weltje, vom Saal, and Oehlmann, 2005; vom Saal and Hughes,
2005). Although it is well established that toxicants can have very different effects
depending on the dose, there is still significant debate over the interpretation that
low doses may actually be beneficial. However, the biological mechanisms behind
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hormetic effects are not currently well established, which brings the concept of

applying hormesis to the risk assessment process into question. This is currently

an area of intense investigation by toxicologists and risk assessors (Holsapple and

Wallace, 2008).

SUMMARY

Toxicology is the study of the adverse
effects of chemicals on biological systems.
Environmental and occupational toxicology
is the study of how chemical exposures in
the workplace, air, water, food, and other
environmental media may threaten human
health. Toxicologists think in terms of
an exposure sequence, from exposure to
absorption to distribution to metabolism

to excretion, and analyze the end-effects on
organs that may occur during this process.
They are interested in identifying mecha-
nisms of toxicity and levels of exposure
that are safe or unsafe. This information is
directly informative to regulators and others
who work to identify the safest chemicals for
our use and to set acceptable levels of expo-
sure for chemicals that may be dangerous.

KEY TERMS

absorption chlorine endocrine disruptors
acetaminophen chlorpyrifos enzyme induction
acrylamide chromium epigenetic
alcohol dehydrogenase competitive inhibition excretion

animal testing conjugation formaldehyde
arsenic cyanide genetic toxicants
asbestos cytochrome P450 glyphosate
benzo[a]pyrene DDE Green Chemistry
bioactivation DDT HAZMAT
biotransformation debrisoquin hepatotoxins
bisphenol A dermal exposure hormesis

carbon monoxide distribution hydrolysis

carcinogenesis

carcinogens

dose-response relationship

ecotoxicology

hydrophilic (polar, or
water-soluble)
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hydrophobic (nonpolar, or

no-observed adverse effect
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rotenone

fat-soluble) level (NOAEL) saturation (of a metabolic
in vitro testing organophosphates pathway)
ingestion oxidation saxitoxin
inhalation paraquat target organ
initiation phase I reactions threshold
LD;, phase II reactions toxicant
malathion polychlorinated biphenyls toxicokinetics
mercury polycyclic aromatic toxicological specificity
methylcholanthrene hydrocarbons (PAH) toxicology
methylene chloride progression trichloroethylene
methylmercury promotion uncertainty factors
metabolism pseudoephedrine urethane
metastasis quantitative structure- vinyl chloride
mutagens actn./lty relationships VX
nephrotoxins reduction xenobiotic
neurotoxins reference dose (RfD)
nickel regulatory toxicology

DISCUSSION QUESTIONS

1.

Toxicologists study both acute and chronic toxic effects. Acute effects are eas-
ler to study, and regulations have traditionally been based on acute toxicity,
although in recent years more emphasis has been given to chronic outcomes.
Why do you think the initial emphasis was on acute effects?

Why might you and your classmates have different responses to the same
exposure to a chemical?

3. Pick a toxic effect that interests you, such as reproductive toxicity, endocrine
disruption, or another effect. Look up the methods toxicologists use to test for
this outcome, and describe these methods.

4. Compare and contrast the information that can be gleaned from a study of

a particular chemical in animals and in isolated cells. Why do you think sci-
entists continue to rely on animal studies when evaluating the adverse effects
of a chemical?
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5. People may be exposed to mercury in a number of forms. Two of the pri-
mary forms of concern—methylmercury and inorganic mercury—exert
their toxicity on different organ systems (the nervous system and the kidneys,
respectively). What factors do you think might contribute to this difference in
target organ toxicity?

6. Aspects of human physiology as well as particle composition and size need
to be considered when investigating the potential toxicological effects of air-
borne particulate matter. How do you think particulate matter size and com-

position could affect the amount of human exposure?
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KEY CONCEPTS

B Epidemiology is the study of the distribution and determinants of health and
disease in human populations.

B Environmental epidemiology and occupational epidemiology study the role of
exposures in the general environment and in the workplace, respectively. The two
employ many similar methods.

B In environmental and occupational health, epidemiological data complement
other kinds of data, such as toxicological data.

B There are many kinds of epidemiological study designs. The optimal study design
depends on features of the population being studied, the exposure of interest, the
disease of interest, and other factors.

B The strongest epidemiological conclusions come from studies that use large popu-
lations, and accurate and precise measurements of exposure and disease.

B Epidemiologists work to achieve results that are free of bias (confounding, selec-
tion bias, and information bias).

B Epidemiological data are invaluable in risk assessment, standard-setting and other
policymaking, and dispute resolution, in environmental and occupational health.
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A PRIMER ON EPIDEMIOLOGY

Epidemiology is the study of the distribution and determinants of health and
disease in human populations. Epidemiologists study exposures in relation to dis-
ease, to answer a simple but important question: whether a given exposure, or set
of exposures, causes a certain disease. Obviously, if we can show that an exposure
causes disease, we have a chance to intervene and prevent disease occurrence,
which is our ultimate goal.

Epidemiology can give us the tools, the techniques of study design and analy-
sis, to determine whether a given exposure is associated with a given disease. How
do we judge that an association is causal (a process sometimes called causal
inference)’

A general philosophical framework for judging causality, accepted by most
epidemiologists, stems from the writings of the philosopher Karl Popper (for a
good discussion, see Rothman and Greenland, 1998, pp. 16-28). This framework
posits that observations (especially repeated observations) that one event (A) is
followed by another (B) enable the epidemiologist to form a hypothesis, that is, a
proposition that A causes B. The key to Popperian philosophy is that all hypothe-
ses (or theories of causation) are tentative and may be disproved by further testing,
Hypotheses that are tested many times and hold up tend to become accepted as
scientific facts (for example, we accept that cigarettes cause lung cancer), but over
the course of time many accepted hypotheses are overthrown by new scientific
insights (we now know that miasma or foul air does not cause cholera).

On a practical level, a famous set of criteria set out by Austin Bradford Hill
(1965) is commonly used by epidemiologists to judge whether a particular causal
hypothesis is plausible, whether the observed association between A and B makes
it likely that in fact A causes B. Hill set out nine criteria. Only one—the proper
temporal relationship—is absolutely required: the exposure must precede the
disease. Although it seems this should always be easy to know, sometimes it is not
clear. Other commonly used Hill criteria that favor causality are consistency
(the association is repeated in many studies), a large effect size (the exposed have
much more disease than the nonexposed), a positive dose-response relation-
ship (more exposure causes more disease), and biological plausibility (some
biological explanation makes it reasonable that A causes B).

Regulators and risk assessors must conclude from the weight of the epi-
demiological evidence, applying criteria such as these, whether an association

Kyle Steenland and Christine L. Moe declare no competing financial interests.
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1s likely to be causal. A number of agencies, such as the International Agency
for Research on Cancer (IARC), the National Toxicology Program (NTP), the
Institute of Medicine (IOM, a part of the National Academy of Sciences), and
the Environmental Protection Agency (EPA), regularly review epidemiological
evidence and publish summaries in which they evaluate whether associations are
likely to be causal. Epidemiology has provided evidence judged as causal that
many environmental and occupational exposures are associated with diseases,
including evidence associating lead with cognitive impairment in children, tri-
halomethanes (in water) with bladder cancer, particulate air pollution with cardi-
orespiratory disease, radon gas with cancer, and ergonomic stress with low back
pain, to name just a few.

Kinds of Epidemiological Studies
Epidemiological studies can be divided into categories that reflect their design.

Descriptive Studies At the simplest level there are descriptive studies, which
characterize a disease by factors such as age, sex, time, and geographical region.
These studies do not formally test a hypothesis that a specific exposure (or risk
factor) is associated with a disease but rather describe patterns in disease occur-
rence in terms of broad demographic and other variables. These studies are often
first steps and may provide clues about factors that cause disease. For example,
the fact that malaria occurs mainly in tropical areas provides a clue that warm
climate may play a role in its transmission. The fact that heart disease occurs at a
later age in women than men may provide a clue that endogenous estrogen plays
a protective role.

Correlational, or Ecological, Studies Descriptive studies are a close cousin to
correlational studies, or ecological studies, which study the correlation
between disease rates and some specific exposure, but at the level of groups rather
than individuals. For example, one can correlate breast cancer rates in coun-
tries around the world with degree of socioeconomic development; breast cancer
incidence is higher in richer, more urbanized countries. Like descriptive studies,
ecological studies often provide clues about possible risk factors for disease, factors
that can then be examined further in studies of individuals. Generally, ecological
studies are viewed as weaker than studies of individuals, because across a popula-
tion, individuals with the risk factors are not necessarily the same individuals who
contract the disease. As a result ecological studies are often called Aypothesis-generat-
ing studies. However, in some instances an ecological design is the design of choice.
One example is time series studies of air pollution, in which pollution levels are
correlated with disease rates on a day-to-day basis. Such studies have the advantage
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of looking at a population that is presumably stable over time (eliminating most
confounding). The only variables changing on a daily basis are the exposure vari-
able of interest (air pollution levels) and the outcome of interest (daily disease rates),
although seasonal variation in temperature also needs to be taken into account.

Etiologic, or Analytical, Studies Etiologic studies, or analytical studies,
are generally studies of individuals in which the investigators seek to test a specific
hypothesis about exposure and disease, for example, whether pesticide exposure
is associated with Parkinson’s disease. These studies are often undertaken after
descriptive and correlational studies have indicated that they are worth doing, that
1s, after a plausible hypothesis has emerged that needs to be tested.

Analytical studies can in turn be divided into two types, clinical trials and
observational studies.

Clinical ‘Irials. Clinical trials, usually called randomized clinical trials, are in
a sense the model for rigorous epidemiological studies. They are often done to
compare one medication or treatment to another. They are controlled experi-
ments, because they assign treatment (or exposure) randomly to one group and
not another. The treated and untreated groups are therefore likely to be compa-
rable with regard to other variables (such age, weight, sex, and education) that
might affect the disease outcome; therefore any difference in subsequent disease
rates can be assumed to be due to exposure. Both treated and untreated groups
are followed prospectively over time.

Randomized clinical trials are generally impractical for studying environmen-
tal and workplace exposures, because one cannot ethically administer a suspected
toxin to a human population. Clinical trials are restricted to comparing a treat-
ment suspected to be beneficial to a conventional treatment or to no treatment.
Therefore, the epidemiologist interested in studying suspected occupational and
environmental toxins needs to conduct observational studies. There is an impor-
tant exception: for environmental toxins already known to cause disease, rand-
omized intervention trials to measure the effect of lowering exposures can be

conducted (Rogan and others, 2001).

Observational Studies. Observational studies are uncontrolled studies, or natural
experiments, of which the epidemiologist takes advantage. For example, the
epidemiologist wants to study the effect of lead on cancer, so he or she observes
a cohort of lead-exposed workers over time and compares their cancer rates to
those of the general population. However, the workers and the general popula-
tion may differ in some important respects, such as smoking habits or diet, that
may in turn affect cancer rates (such variables are called confounders). The epi-
demiologist may be able to adjust or control for the effects of such confounders,



ENVIRONMENTAL AND OCCUPATIONAL EPIDEMIOLOGY 83

but if he or she cannot, these effects may distort the findings about the effect of expo-
sure on disease. Ior this reason observational studies are viewed as less definitive than
clinical trials. A famous recent example of different findings for clinical trials and for
observational studies can be seen in the case of postmenopausal estrogen replace-
ment therapy and the risk of heart disease (Whittemore and McGuire, 2003).

The three principal designs for observational studies are cohort, case-control,
and cross-sectional. Cohort studies start with an exposed group and a nonex-
posed group, both disease free, and follow them forward in time to observe disease
incidence or mortality rates. Disease rates in the exposed and nonexposed can be
then compared using a rate ratio or a rate difference. The observation period in
cohort studies may start in the past and move forward to the present (retrospec-
tive studies), or start in the present and move into the future (prospective
studies). The former is quicker and usually cheaper: for example, to study lung
cancer among welders and nonwelders one can identify a cohort as of 1950 and
trace its members’ lung cancer mortality until the present. The disadvantage of
the retrospective approach is having to depend on historical information about
exposure levels and about potential confounders (for example, smoking habits).
Although prospective studies take a long time and are often expensive, they are
more appropriate when one wants to measure exposure levels and confounding
variables at baseline, or when biological samples such as blood tests are required.
Prospective studies may also be needed to study diseases that are difficult to ascer-
tain in retrospect, such as spontaneous abortions (whose occurrence and date of
occurrence may be difficult to remember accurately). Cohort studies can consider
disease events per person (camulative incidence, or risk) or disease events per
person-time (rates, such as incidence or mortality). The former are appro-
priate for short follow-up periods and fixed cohorts, in which everyone can be
followed for the whole follow-up period. The latter are appropriate for long fol-
low-up periods and dynamic cohorts, in which individuals may enter follow-up at
different times and be lost to follow-up at any time and are therefore followed for
different periods of time. Coohort studies are good for rare exposures and common
diseases, because one begins with assembling an exposed group and hence can
readily assemble an adequate number of exposed subjects (for example, welders);
conversely, when the disease is rare, a very large number of subjects may need to
be assembled to yield an appreciable number of cases.

Case-control studies use an opposite approach to that of cohort studies. Here,
the epidemiologist begins with diseased and nondiseased groups and looks backward
in time. For example, bladder cancer patients (cases) and people free of bladder cancer
(controls) can be asked about their past consumption of water treated with chlorine,
which results in trihalomethane formation (trihalomethanes are suspected bladder
carcinogens). The investigator determines the odds of exposure in each group, and
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compares them—if « is the number exposed, and 4 is the number nonexposed,
then a/(a + b) 1s the proportion exposed, and a/b is the odds of exposure. If the
odds of exposure are higher among the cases than among the controls, then
one judges that the exposure is associated with the disease. The usual measure
of effect is the odds ratio. Case-control studies are more subject to bias than
cohort studies because it is sometimes difficult to choose cases and controls who
are representative of the overall diseased and nondiseased populations (this is
particularly true for the controls) and because it is often difficult to measure past
exposure accurately. Recall bias, for example, can occur if cases tend to remem-
ber more about past exposures than controls. However, if cases and controls are
chosen properly, a case-control study should give the same answer as would a
cohort study about the exposure-disease relationship.

Case-control studies are useful for rare diseases and common exposures, the
opposite of cohort studies. Case-control studies can be carried out in the general
population or in hospitals or can be nested within cohorts.

Cross-sectional studies, or prevalence studies, tend to measure exposure
and disease at the same time. For example, lead exposure 1n relation to performance
on tests of intelligence in children may be studied by measuring lead in blood at
the time of the neurological testing, or cadmium levels in the urine of smelter work-
ers can be measured at the same time as small protein in the urine (a measure of
kidney damage). Cross-sectional studies are often done when the outcome of inter-
est 1s subclinical or asymptomatic disease. In the workplace, cross-sectional studies
will miss symptomatic cases if workers with the disease have left work.

A typical problem of cross-sectional studies is determining whether exposure in
fact preceded the health outcome. For example, in the case of the smelter workers,
if those with higher levels of cadmium in the urine were also excreting more small
protein, it would not be known whether the protein excretion preceded or followed
the presence of cadmium in the urine. The same would be true for neurological
tests in relation to lead levels in children. Interpretation of positive findings in the
latter study would be made even more difficult by the fact that socioeconomic status
(SES) is an important confounder that is difficult to control; children of low SES
have higher lead exposure and perform worse on neuropsychological tests. Cross-
sectional studies tend to be seen as a somewhat weaker design than cohort and
case-control studies, although they are often the only possible design and can pro-
vide valid results, which can then be confirmed in cohort or case-control studies.

Buas refers to the distortion of the true relationship between exposure and disease.
The most important sources of bias are selection bias, confounding, and informa-
tion bias.
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Selection bias occurs when the relationship between exposure and disease
in the study population is not representative of the true relation between exposure
and disease in the general population because the investigator has selected the study
population in a nonrepresentative way. For example, in a study of ethylene oxide
(a sterilant gas) and breast cancer, suppose only 20 percent of the individuals in the
target population answer a questionnaire about breast cancer occurrence. These
self-selected study participants may differ from the rest of the target population: for
example, perhaps they have more breast cancer (motivating them to participate)
and higher exposures (making them concerned that exposure may have caused
their disease and again motivating participation). This would result in demonstrat-
ing an association between exposure and disease might not have been found if
the entire target population had participated. This kind of bias cannot be corrected
in the analysis. In fact one cannot even be sure of the direction of such a bias based
on the 20 percent of the population studied, because the rate of occurrence of
breast cancer in the remaining 80 percent of subjects cannot be known. The study
conclusions will thus be suspect. The healthy worker effect is another kind of
selection bias, occurring when workers are compared to the general population.
Workers are healthier than the general population, so study results will be biased
against finding adverse health effects among the workers. This is another example
of a selection bias that cannot be readily fixed at the analysis stage.

Confounding refers to the distortion of the exposure-disease relationship by
a third variable that is associated both with exposure and with disease. For exam-
ple in the study of welders in relation to lung cancer, if the welders smoke more
than nonwelders do, then smoking (strongly associated with lung cancer) would
act as a confounder. Adjustment for the effect of smoking can be made during
analysis by stratifying the groups into smokers and nonsmokers, determining the
exposure-disease relationship in each group, and then forming a weighted average
of the exposure-disease relationship across both groups. Adjustment can also be
accomplished using one of several statistical approaches that involve multivari-
ate analysis. However, this can be done only when adequate data on smoking
have been collected in both exposed and nonexposed groups.

The welding-lung cancer relationship might also differ between smokers and
nonsmokers: one could imagine, for example, that only smokers show a weld-
ing effect, because smoking injures the lung epithelium permitting a carcino-
genic effect from the metal fumes. This situation is called effect modification
because the third variable (smoking) modifies the effect of the exposure variable
of interest (welding). Effect modification is different from confounding. In this cir-
cumstance the investigator cannot calculate the weighted average of exposure-dis-
ecase associations across both strata of the third variable and instead must report
results for each stratum separately. No adjustment for confounding is possible,
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as no weighted average of exposure effect across levels of the confounder should
be conducted.

Finally, once the study population has been selected, information bias can
occur when information obtained about either exposure or disease is incorrect.
One of the main sources of information bias in epidemiological studies is mis-
measurement or misclassification of exposure. When exposure is measured
incorrectly (for a continuous exposure variable) or misclassified (for a categorical
exposure variable), one can expect the exposure-disease association to be distorted.
When exposure is measured or classified equally poorly for both diseased and non-
diseased groups (called nondifferential error or misclassification), then the
effect is usually to bias the finding toward the null hypothesis (toward finding no
exposure-disease association). Gonversely, if the mismeasurement or misclassifica-
tion is greater for either the diseased or the nondiseased, bias away from the null
can occur. This problem is typical of retrospective exposure assessment in case-
control studies, when cases may recall past exposures more often than controls do
(recall bias), biasing the study toward finding an association (away from the null).

Data Analysis

Methods of analysis in epidemiology typically depend on whether the exposure
variable and the disease variable are continuous variables or categorical
variables. Most of the approaches described previously consider disease to be a
categorical (yes/no) variable (often called a dichotomous variable). This is typ-
ically true of a specific disease: you either get the disease or you don’t. However,
many studies consider a continuous disease variable, such as blood pressure or the
concentration of a small protein in the urine. In some instances these variables
can be transformed into categorical variables (for example, high blood pressure
might be defined as a systolic pressure greater than 140), especially when there are
medical guidelines for such cutpoints. Exposure variables may also be continuous
(for example, cadmium in the urine) or categorical (welder or nonwelder).

When both exposure and disease variables are dichotomous, then one usually
calculates the measures referred to previously, such as a rate ratio or an odds ratio.
These categorical analyses may be stratified to control for confounding, as indi-
cated earlier. However, when both the disease and the exposure are continuous
variables, typically a regression analysis is conducted (for example, linear
regression), in which the outcome is disease and the predictors include exposure
and any other confounder variables about which the investigator has data. One
seeks to know if the exposure is a significant predictor of disease, as reflected by a
regression coefficient for the exposure variable that differs significantly from the
null value of zero.
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In addition, mixtures of these situations can arise. A linear regression
analysis for a continuous outcome may also be calculated with the exposure vari-
able categorized in the regression. Furthermore, even when the disease variable
1s dichotomous, one can employ a type of regression called logistic regression
in which the measure of interest remains the odds ratio and either categorical or
continuous variables may be included among the predictors.

One important feature of any data analysis is the precision of the estimate
of effect (for example, the rate ratio, the odds ratio, or the regression coefficient for
the exposure variable). Large sample sizes confer greater statistical power
to detect associations, and lead to high precision. Precision is often presented by
a confidence interval, which represents a range of plausible values for the
measure of effect. For example, an odds ratio in a case-control study of bladder
cancer and water supply (public water versus private wells) might be 2.00, indicat-
ing that those who use public water (more trihalomethanes) versus private wells
(fewer trihalomethanes) have a doubling of bladder cancer risk. If the study is
based on 20 cases and 20 controls, it will have low precision and the 95 percent
confidence interval for the odds ratio of 2.00 might be 0.50 to 8.00, indicating a
wide range for plausible values. If the study were based on 2,000 cases and 2,000
controls, the 95 percent confidence interval might be 1.90 to 2.30, indicating a
narrow range of plausible values. The precision of the estimate is a reflection of
what is called random error, the error likely to result from choosing a sample of the
total population of interest (in this case, all users of water).

Precision 1s related to statistical significance. Statistically significant usually
means that the estimate of effect 1s different from the null value and that the difference
1s unlikely to have occurred by chance. Typically, a finding is judged to be statistically
significant when the difference from the null value has less than a 1 in 20 likelihood
of having occurred by chance (usually stated as a p value of less than 0.03). A 95
percent confidence interval that excludes the null value (for example, the null value
of 1.00 for an odds ratio, which indicates no difference in risk of disease between
exposed and nonexposed), corresponds to a p value of less than 0.05. Epidemiologists
now prefer to express the precision of study results with confidence intervals rather
than with p values and tests of statistical significance, partly because a range of plau-
sible values 1s more informative than a single test of statistical significance.

ENVIRONMENTAL AND OCCUPATIONAL EPIDEMIOLOGY

Environmental and occupational epidemiology uses few truly unique epidemio-
logical techniques but is simply an area of epidemiology defined by the exposures
it studies.
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Environmental epidemiology concerns environmental agents to which
large numbers of people are exposed involuntarily. This area of concern usu-
ally excludes voluntary exposures such as alcohol, cigarettes, and medications.
However, it usually includes environmental (“secondhand”) tobacco smoke and
infectious agents in water supplies. Although this definition is sometimes a bit
arbitrary, and although environmental epidemiology thus defined can sometimes
overlap with other areas of epidemiology, nonetheless it is useful. Some examples
of environmental agents (and their associated outcomes) are radon in homes in
relation to lung cancer, environmental tobacco smoke in relation to lung cancer,
arsenic in water in relation to low birthweight, chlorination by-products in water
supplies in relation to bladder cancer, pesticide residues in food in relation to
cancer, particulate matter in the air in relation to cardiovascular disease, and lead
in soil in relation to neurological deficits. These exposures are often low level and
relatively homogenous across large numbers of people, making them particularly
difficult to study. The differences in risk between those with more exposure and
those with less exposure are usually small and therefore hard to detect reliably,
often requiring large sample sizes.

Environmental exposures can be thought of as contributing either to epi-
demics or to endemic diseases Epidemics are unusual outbreaks of disease
clearly above a normal level and often caused by known agents, although some-
times the agent is initially unknown. For example, the cholera outbreaks in Peru
a few years ago had a known cause. However, other causes of recent disease out-
breaks have not been initially known, including the cause of the 1981 outbreak of
neuropathy in Madrid (eventually found to be due to an oil contaminant), of the
1993 gastrointestinal illness outbreak in Milwaukee (due to cryptosporidium), and
of the 1976 pneumonia outbreak in Philadelphia (due to Legionnaire’s disease).
In contrast, endemic diseases exist at constant, low (or background) levels and may
or may not have an environmental cause. Examples are the possible contribu-
tion of radon in homes to lung cancer, the contribution of dioxin in the diet to
cancer rates, the contribution of low-level air pollution to cardiovascular disease,
and the contribution of lead in the environment to neurological deficits in chil-
dren. Possible associations between environmental agents and background levels
of disease are more and more often the subject of environmental epidemiology,
especially in developed countries, and these associations are difficult to detect.

Occupational epidemiology is the epidemiological study of illness or
mnjury associated with workplace exposures. Examples include the association of
stressful repetitive motion and carpal tunnel syndrome, welding and lung cancer,
silica exposure and kidney disease, and poor office ventilation and respiratory
illness. Occupational epidemiology often involves relatively high exposures in
relatively small numbers of people, often geographically isolated at a worksite.
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This context makes for easier studies from a scientific standpoint (the workplace
exposure is a natural experiment). However, workplace studies also involve vested
economic interests and are sometimes politically controversial. It may be difficult
to gain access to the workers or their worksite, for example.

Historically, occupational studies were carried out in the context of very high
exposures. Early studies revealed silicosis and asbestosis resulting from silica and
asbestos exposure respectively. Historical occupational studies are also responsi-
ble for the discovery of many carcinogens, including asbestos, aniline dyes, silica,
nickel, cadmium, arsenic, dioxin, beryllium, acid mists, radon gas, and diesel fumes
(Steenland, Loomis, Shy, and Simonsen, 1996; Rom and Markowitz, 2006). Most
of these agents occur in the general environment as well, where people are exposed
at much lower levels. Whether associations seen in the workplace also occur in the
general environment is an empirical question. For example, it is unclear whether
dioxin or diesel fumes in the general environment cause cancer. However, radon in
homes and arsenic in water are believed to be environmental carcinogens.

Today, workplace exposures to suspected toxins are much lower than in the
past, at least in industrialized countries, and they are less often the focus of occu-
pational epidemiology. For example, occupational cancer is less commonly stud-
ied today, as many of the most obvious suspected carcinogens in the workplace
have already been studied and controlled. More commonly today, occupational
studies involve issues more difficult to study, such as possible relationships between
job stress and heart disease or lifting and back strain.

Understanding Clusters

One aspect of both environmental and occupational epidemiology that deserves
special mention is the occurrence of clusters. A cluster is an apparently elevated
number of cases of disease in a limited area over a limited period of time, sug-
gesting some common cause (Rothman, 1990); typically the number of cases in
the cluster is small, on the order of ten or twenty rather than hundreds. Clusters
typically come to the attention of public health authorities, who must first deter-
mine whether a cluster in fact represents an unusually high occurrence of disease.
This 1s more difficult than it might seem, particularly for environmental clusters
whose geographical and temporal boundaries are not clear. For example, three
cases of childhood leukemia on the same street might be unusual if the denomi-
nator at risk is taken to be all the children on that street but might not appear
excessive if the boundary is the local neighborhood composed of a dozen streets.
Assuming that investigators can determine that a cluster does in fact represent
a high rate of disease, the next step is to determine whether there is a common
cause. (Some clusters will occur simply as random events.) A common cause is
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more likely when the cases of disease are restricted to a specific diagnosis, such
as childhood leukemia, rather than a general category, such as childhood cancer;
cancer includes many diseases with many different causes. But even when the cases
represent a narrow and specific diagnosis, they will often have many possible
causes, and an epidemiological study will often not be able to pinpoint a specific
cause. One reason for this is that such a study is typically restricted to a small
number of cases (often using a case-control design), and the power to detect an
association is low, even if that association is quite strong.

Most investigations of environmental clusters do not find a common cause
for the cluster. Caldwell (1990) summarized 108 cancer clusters investigated by
the Centers for Disease Control and Prevention and concluded that no clear, sin-
gle cause was found for any of them. Similarly, Schulte, Ehrenberg, and Singal,
(1987) summarized 61 occupational clusters and found that only 16 were con-
firmed, and in none was a specific cause discovered.

Nonetheless, despite the long odds, cluster investigations have from time to
time provided important clues that have later been confirmed in larger studies.
Among the famous clusters that have led to discovery of new associations are
the 1976 cluster of Legionnaire’s disease in a hotel in Philadelphia (environ-
mental), the clusters of asthma cases in Barcelona in the early 1980s that were
eventually tied to soybean dust (environmental), the 1973 cluster of angiosar-
coma cases among workers in a single vinyl chloride plant (occupational), and the
1977 cluster of infertility in a plant making a pesticide called dibromochloropro-
pane (DBCP) (occupational). Studies of clusters have more chance of leading to
the discovery of a specific cause when the disease in question is extremely rare.
Occupational clusters have somewhat more of a chance than environmental clus-
ters of representing a common cause because they have a natural boundary (the
worksite) and therefore avoid the boundary problem inherent in environmental
clusters.

Measuring Exposure

Measuring exposure with as much accuracy as possible is key to valid epidemio-
logical studies (for a fuller discussion see Chapter Four). Accurate exposure assess-
ment is essential to detecting and quantifying a dose-response relationship, for
example, which is one of the key elements supporting a causal relationship.
Mismeasured exposure (as a continuous variable) usually leads to flattening, or
attenualing, a true dose-response. Misclassification of dichotomous exposure status
(exposed versus nonexposed) can severely bias results toward the null.

In cross-sectional or prospective studies current exposure can be measured
more or less easily, depending on the agent of interest. However, it is often difficult



ENVIRONMENTAL AND OCCUPATIONAL EPIDEMIOLOGY 91

to assess exposure accurately when exposure must be estimated in the past, as in
case-control studies, in retrospective cohort studies, and in cross-sectional studies
of the impact of past exposures on current outcomes. Therefore we focus here on
the problem of retrospective exposure assessment. In case-control studies of blad-
der cancer and drinking water, for example, subjects may be trying to remember
their pattern of drinking-water consumption over the past fifty years. In cross-
sectional studies of lead and neurologic deficits in children, one may wish not
only to measure current lead levels via the blood but also to assess prior exposure
to lead via its measurement in bone. In retrospective cohort studies, investigators
may be estimating past silica exposure for workers in a specific plant. As can be
seen in these examples, in some instances investigators attempt to measure exter-
nal exposure (water drinking patterns, silica in workers’ breathing zone) and in
others they seek a biomarker of internal exposures (blood and bone lead). Below
we discuss both these scenarios.

First, let us consider more thoroughly the example of assessment of past
exposure to silica among workers in a retrospective cohort study. Suppose there
are some existing silica exposure measurements made during the past twenty
years for some workers in some jobs. Such a relatively short record is typi-
cally the case, as exposure measurements were not often made until somewhat
recently. However, the cohort may have been employed over the past forty or
fifty years, and because investigators seek to conduct an exposure-response
analysis, they require an estimate of past exposure for all workers across all
jobs at all points in time. This may not be possible at all in many retrospective
cohort studies. However, in some instances it may be possible to construct a
job-exposure matrix (JEM), which is simply a cross classification of jobs
and exposure levels across time. This can be done if industrial hygienists can
extrapolate beyond more recent exposure data to make a good guess about
exposure further back in time, based on process changes at the plant. Typically,
plants were dirtier further back in time. The industrial hygienist will also need
to divide jobs in the cohort into categories on the basis of their presumably
sharing the same exposure level and of their having at least some past measure-
ments. Then all workers in all jobs in this category, at any given point in time,
can be assigned the same exposure level. If all this is possible, a JEM can be
constructed (Figure 3.1), and all workers in a given job at a given point in time
can be assigned a level of exposure by the JEM. This will in turn enable an
estimate of cumulative exposure to silica for each worker. Cumulative exposure
is often the measure of interest for chronic disease outcomes such as silicosis,
lung cancer, or kidney disease.

An alternative to estimating external exposure is to use a biomarker of
exposure. Examples of such biomarkers are dioxin in blood, cotinine (a metabolite
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FIGURE 3.1 Construction of a JEM for a Retrospective
Cohort Study

4,269 silica exposure
measurements, 1974-1996.

! !

125 silica measurements in 1946.

Group all measurement into 10 Group all measurement into 10 big
big job categories (quarry, job categories (quarry, crushing,
crushing, milling, drying, bagging, milling, drying, bagging, loading, and
loading, and so on). so on).

— —

Combine data and create linear regression model to estimate
the average level of exposure for each job category and the
change of exposure levels over time.

\

Use predicted values from linear regression model to create
JEM, in which each job category and each year has an estimated
exposure level.

\

Use work history for each worker to assign him or her to one of the 10
big job categories, for each job held throughout his or her employment.
Then combine work history for each worker and JEM to estimate
exposure for each worker for each year he or she was employed.

Y

Results: geometric mean exposure across all jobs dropped from 78 pg/m3 in
1946 to 51 pg/m3in 1974 to 12 wg/m?3 in 1988 (NIOSH recommended level is
50 pg/m?3). Highest exposures were found in the job category “bagging”
(geometric mean 60 pg/m?3), lowest in “administration” (4 wg/m?3) and
“quarry” (10 wg/m?3).

Source: Adapted from Steenland, Sanderson, and Calvert, 2001; Sanderson, Steenland, and
Deddens, 2000.

of nicotine) in blood, and lead in bone. Such biomarkers can be useful because
they measure internal dose rather than external exposure. They may therefore
take into account variation in absorption and metabolism of the external dose,
possibly providing a more accurate estimate of the biologically relevant dose that
can cause disease. However, there are many problems that may make a measure
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of the internal dose less desirable than a measure of the external exposure,
including wide individual variation, difficulty in obtaining accurate laboratory
measurements of the biomarker, and possibly choosing the wrong biomarker in a
metabolic pathway that features several candidate toxins. Perhaps more important
in the case of retrospective exposure assessment, few biomarkers of exposure
persist long enough to be useful for such a study.

For example, in a case-control study of Parkinson’s disease in which serum
from the cases is available, it would be ideal to be able to measure past exposure
to pesticides (organophosphates and organochlorines), as well as other organo-
chlorines such as polychlorinated biphenyls (PCBs). However, organophosphate
pesticides, thought to play a role in chronic neurological disease partly because
of their acute effects on the nervous system, are rapidly metabolized. Therefore
blood levels of these compounds cannot be used to measure exposure beyond
a few days in the past. Organochlorine pesticides and PCBs are also of interest
because they have been shown to decrease dopamine levels in the brain in animal
studies, and dopamine loss is the hallmark of Parkinson’s disease. Organochlorines
have half-lives that are measured in years. Some may be measured in the serum
long after exposure has ceased, and therefore may be more useful in detecting
exposures above background levels. DDE, for example, the principal metabolite
of the pesticide DDT, can be measured today in the serum of most of the U.S.
population even though use of DDT in this country was phased out in the 1970s.
On the other hand, many other organochlorine pesticides phased out at the same
time, such as dieldrin and aldrin, have shorter half-lives and are nondetectable in
most of the U.S. population. PCBs were also phased out in the 1970s. The heavier
PCBs (more highly chlorinated) can be measured in older Americans, but the
lighter ones are usually not detectable.

Another important example is lead, often measured in the blood, where it
reflects exposure over the previous two or three months. However, lead also accu-
mulates in the bone where it provides a good indicator of cumulative exposure
over time, even long after exposure ceases. This has been important in measuring
the association between lead and neurological deficits in children. This association
has been controversial for several reasons. Most studies are cross-sectional, and
current blood lead levels may not reflect past exposure. Lead and SES are closely
related, and SES in turn is closely related to performance on cognitive tests. Lead
in teeth shed by children has been useful in establishing prior lead exposure and
can act as a measure of the level of exposure in groups that are identical in SES.
Similarly, bone lead measured by radiographic techniques has been important
in studies of past lead exposure in adults in relation to blood pressure and other
long-term effects of lead.
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PERSPECTIVE
An Occupational Epidemiology Example

This perspective continues the example of the retrospective cohort study of silica-
exposed workers that was introduced earlier in discussing silica exposure estimation
over time. It has long been known that silica cause silicosis, a nonmalignant respiratory
disease. In this cohort, there were two additional outcomes of interest, lung cancer and
kidney disease (Steenland, Sanderson, and Calvert, 2001, Steenland and Sanderson,
2001). There was considerable debate about whether silica could cause these diseases.

There were 4,626 workers in the cohort, exposed to silica while producing indus-
trial sand from the 1940s to the 1980s. The average length of exposure was nine
years. Complete work history was obtained from company personnel records, which
also provided information on social security number, birth date, race, and sex. The
cohort was 99 percent male. Follow-up began at the time of first exposure and con-
tinued through 1996. Cause of death, needed to determine who died of lung cancer,
was obtained from death certificate information using the National Death Index,
a national registry of deaths. In addition to lung cancer mortality, the incidence of
nonmalignant kidney disease was studied by matching the cohort with a national
registry of patients with end-stage kidney disease. These are patients whose kidneys
have failed; in the United States the government pays for the expensive treatment,
either dialysis or transplant, for these patients. As a result there is a national registry
of end-stage kidney patients, virtually the only national disease registry in the United
States. Other countries have many such national registries, facilitating epidemiology.

This was a dynamic cohort, which means that workers could enter and exit the
cohort at any time. Exit occurred at death or the end of the study in 1996. Workers
were followed and were at risk of lung cancer and kidney disease after they left work.
(For acute outcomes such as work-related injuries, the follow-up period might end
when employment ends.) Because workers were followed for different amounts of
time, the investigators studied lung cancer rates (rather than risks) in the exposed
cohort, so that the denominator was person-time rather than people.

The comparison population was the U.S. population, with stratification used
to control possible confounding by age, race, sex, and calendar time. Lung cancer
death rates for the United States are available from vital statistics. U.S. kidney disease
incidence rates are available from the same U.S. registry of end-stage kidney disease
used to determine who in the cohort had had kidney disease.

There were 109 deaths from lung cancer, with 68 expected, resulting in a rate
ratio of 1.60 (95 percent Cl 1.23 to 1.93). The workers had a 60 percent higher lung
cancer death rate than the U.S. population of a similar age, race, and sex did. Given that
workers smoke more than the general population and that smoking is by far the most
important known risk factor for lung cancer, one might question whether the excess
lung cancer rate was due to smoking or to silica. Limited smoking data on 346 men
in the cohort were available for the years 1978 to 1989. Such limited data are typical
for retrospective studies based on company personnel records. These data indicated
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that among cohort members aged twenty-four to sixty-four, 24 percent were never
smokers, 41 percent were current smokers, and 35 percent were former smokers.
The corresponding data for the U.S. male population aged twenty-five to sixty-four
in the 1980s were 37 percent, 35 percent, and 28 percent, respectively. These smok-
ing differences would be expected to lead to an approximately 10 percent higher
lung cancer rate among the silica-exposed workers compared to the U.S. population,
suggesting that silica exposure rather than cigarette smoking was responsible for
most of the observed 60 percent higher lung cancer rate among the workers.

Twenty-three cases of end-stage kidney disease occurred in the cohort versus
the 11.7 cases expected for the U.S. population of similar age, race, and sex (rate
ratio 1.97, 95 percent Cl 1.25 to 2.06).

The availability of exposure estimates enabled the investigators to conduct
detailed exposure-response analyses in this study, which were important in assess-
ing causality as well as in conducting quantitative risk assessment (discussed later in
this chapter and in Chapter Twenty-Nine). Exposure-response data for lung cancer,
silicosis, and kidney disease in relation to estimated cumulative exposure to silica
are shown in Table 3.1. Cumulative exposure was divided into quartiles for analysis,
and workers in the lowest quartile served as the comparison population (rate ratio
of 1.0). For lung cancer, cumulative exposure was estimated using a fifteen-year
lag, under the assumption that exposures in the last fifteen years before the end
of follow-up could not yet be causing lung cancer (that is, allowing for a fifteen-
year latency period). All three outcomes showed a positive trend with increased
cumulative exposure, strengthening the case for causality. Silicosis deaths were
included as a kind of validity check on the exposure estimates, since they would
be expected to show a positive trend (the numbers of silicosis deaths are small,
but many more workers had silicosis than died from it). The probabilities that the
observed positive linear trends in lung cancer, end-stage kidney disease, and silico-
sis occurred by chance (trend tests) were 0.07, 0.0004, and 0.00001.

TABLE 3.1 Cohort Rate Ratios for Lung Cancer and Silicosis
Mortality and for End-Stage Kidney Disease Incidence

Exposure levels

Lowest Highest
Outcomes Quartile Quartile 2 Quartile 3 Quartile
Lung cancer 1.00 0.78 1.51 1.57
(15-year lag) (17 deaths) (21 deaths) (20 deaths) (16 deaths)
End-stage 1.00 (2 cases)  3.09 (5 cases) 5.22 (6 cases) 7.79 (5 cases)
kidney disease
Silicosis 1.00 (1 death) 1.22 (2 deaths) 2.91 (4 deaths) 7.39 (7 deaths)

Source: Data from Steenland, Sanderson, and Calvert, 2001; Steenland and Sanderson, 2001.
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PERSPECTIVE
An Environmental Epidemiology Example

Studies of recreational water quality provide an interesting example of many of the
principles and challenges of environmental epidemiology. The number of gastroenteri-
tis outbreaks associated with recreational water exposure increased three- to fourfold
from 1978, when the surveillance for these outbreaks started, to 2004 (Dziuban and
others, 2006) and prompted closer examination of the risk factors leading to both
endemic and epidemic waterborne disease associated with exposure to recreational
waters (see Chapter Fifteen). Many epidemiological studies of recreational water qual-
ity and gastrointestinal illness have been conducted (see reviews by Pruss, 1998; Wade,
Pai, Eisenberg, and Colford, 2003). The basic research approach is typically a cohort
study. Swimmers and nonswimmers are recruited into the study at a recreational water
site and interviewed about their swimming exposure on that day. Water samples may
be collected. Participants are later interviewed regarding disease incidence following
their visit to the water site, and swimmers are compared to nonswimmers.

Gastroenteritis is the most common health outcome of water contamination
and has been the most frequently studied. Most studies have collected data on self-
reported symptoms, using a standardized questionnaire or interview. The exposure
of interest is water with fecal contamination, because of the fecal-oral transmission
route of enteric pathogens.

Misclassification or mismeasurement of exposure is likely to be the most common
problem in these studies and may be due to error in assessing water quality (from
the use of poor microbial indicators or poor water sample storage and analyses) or in
classifying the degree of individual water contact. This bias is likely to be random and
nondifferential, biasing results toward the null.

Selection bias may occur in several ways. Recruitment of the study population at a
beach may result in a study population that is not representative of the general popula-
tion. For example, tourist populations at the beach may have higher attack rates than
local populations, affecting generalizability of results (external validity). Regarding
internal validity, selection of a nonexposed group that systematically differs from the
exposed group for some unmeasured confounder may cause bias that cannot be cor-
rected by controlling for measured confounders in the analysis. There is a debate whether
the nonexposed group should be nonswimmers or swimmers in cleaner water.

Confounding may occur, for example, due to exposures to enteric pathogens
through alternative routes (food and drink) or due to socioeconomic factors that may
be related both to exposure and to disease. Seasonality and water temperature may
also act as confounders if the study takes place over different seasons or over different
days with different water temperatures.

An epidemiological study by Haile and others (1999) illustrates the concepts just
discussed. The purpose of this study was to examine the risks of gastrointestinal illness
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associated with swimming in marine waters that received untreated runoff from
storm drains in Santa Monica Bay, near Los Angles. The specific study questions were
these:

1. Are there different risks of adverse health outcomes among subjects swimming
at different distances from the storm drains?

2. Are risks of specific health outcomes associated with the concentration of specific
bacterial indicators of water quality or with the presence of enteric viruses?

The study team interviewed subjects at three beaches in Santa Monica Bay that
had a wide range of microbial indicator concentrations in the water and high swimmer
density. A total of 22,085 subjects were interviewed between June 25 and September
14, 1995, and 17,253 of these were eligible and able to participate. Subjects were eli-
gible if they had a telephone, spoke English or Spanish, and had not been swimming
at the study beaches or in heavily polluted areas in the seven days before the beach
interview. A total of 15,492 subjects (90 percent of the eligible subjects) agreed to par-
ticipate in the study and were asked to provide information about their age, residence,
and swimming experience (location, immersion of head into water) on that day.

The locations of the storm drains were identified, and the interviewer catego-
rized the swimmer’s location by distance from the storm drain (categories were 0,
1-50, 51-100, and 400 yards from the drain) and noted the gender and race of
each subject. Follow-up interviews, conducted by telephone nine to fourteen days
after the beach interview, included questions about the occurrence of fever, chills,
eye discharge, earache, ear discharge, skin rash, infected cuts, nausea, vomiting,
diarrhea, diarrhea with blood, stomach pain, coughing, nasal congestion, and sore
throat. Highly credible gastrointestinal illness (HCGI) was defined as one or more of
the following: (1) vomiting, (2) diarrhea and fever, or (3) stomach pain and fever.
The investigators were able to contact 13,278 subjects (86 percent) for follow-up
interviews. During these interviews, 1,485 subjects were excluded because they
had swum at a study beach or in heavily polluted waters between the day of the
beach interview and the telephone follow-up and it would not be possible to
determine whether any symptoms they reported at the interview were due to their
exposure on the day of the beach interview (when the water quality was measured)
or to subsequent exposures. An additional 107 subjects were excluded because
they did not immerse their faces in ocean water during swimming.

Water samples were collected on the same days that subjects were recruited
at the beaches. Samples were collected from each exposure category location (dis-
tance from drains) and were analyzed for commonly used microbial indicators of
water quality: total coliforms, fecal coliforms, enterococci, and E. coli using stand-
ard membrane filtration techniques. Additional water samples were collected on
weekends from three storm drain sites and analyzed for culturable enteric viruses.
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Because the study population was restricted to swimmers, the analyses compared
symptom rates and HCGI rates among groups of swimmers. One approach compared
swimmers more than 400 yards from a storm drain with swimmers closer to a storm
drain. A second approach compared swimmers in waters with different prespecified
levels of microbial indicators. For example, enterococci exposure categories were set
to =35 colony-forming units (cfu) per 100 ml (the U.S. EPA (1986) guideline for
marine recreational water), 35-104 cfu/100 ml, and >104 cfu/100 ml. All analyses
were adjusted for the following potential confounders: age (categorical), sex, beach,
race, California resident versus out-of-state resident, and concern about potential
health hazards at the beach (categorical).

The study found that the rates of several symptoms and of HCGI (331 cases) were
higher among people who swam near the drains than among those who swam at
least 400 yards away from the drains. The adjusted relative risks ranged from about
1.2 for eye discharge, sore throat, and HCGI to 2.3 for earache. Positive associations
were also observed between various symptoms and higher levels of specific microbial
indicators. Swimmers within 50 yards of the storm drains on days when enteric viruses
were detected in the water samples (386 swimmers) reported elevated rates of HCGI
and several other symptoms compared to those who swam near the storm drains
on days when enteric viruses were not detected (n = 3,168). Adjusted relative risks
ranged from about 1.2 for cough, diarrhea, and chills to 1.9 to 2.3 for eye discharge,
vomiting, and HCGI. However, there were no clear dose-response patterns across
increasing levels of microbial indicators, and none of the elevated relative risks were
statistically significant. The investigators concluded that the strength and consist-
ency of the associations they observed across several measures of exposure suggest
that there is an increased risk of adverse health effects associated with swimming in
marine waters that receive untreated urban runoff, despite the lack of dose-response
patterns (possibly due to misclassification of exposure) and the lack of statistical
significance.

Although this study had the advantage of a large sample size, it seems likely that
there were problems with misclassification of exposure. No data were provided on
the results of the microbiological analyses of the beach water. What was the range of
water quality to which study subjects were exposed? How much variation was there
between water samples taken at different locations from a single beach on a single
day, and how well do these samples reflect the water quality to which a swimmer
is actually exposed at the location and time he or she is swimming? There can be
substantial temporal and spatial variation in water quality, especially in open bodies
of water with currents. How frequently were high levels of microbial contamination
measured, and how closely did those levels reflect the presence of fecal contamination
and microbial pathogens?

Individuals in the low-exposure reference group, those who swam at the great-
est distance from the drains, may have been exposed to high levels of pathogens
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either because they swam near the drains without observing that they did so or
because water currents moved slugs of contaminants to the area where they were
swimming. It is also possible that classification of exposure on the basis of bacte-
rial indicator organisms, especially total and fecal coliforms, is a poor surrogate
for exposure to the pathogens that actually caused the infections suffered by the
swimmers in the contaminated water. There is considerable debate in the scientific
community about which microbial indicators are sufficiently similar to microbial
pathogens in terms of their movement and persistence in the aquatic environ-
ment (National Research Council, 2004). Several previous studies have reported no
significant relationships between symptom rates and fecal indicator bacteria, and
Pruss (1998) asserts that the use of microbial indicators is one of the major sources
of bias in epidemiological studies of recreational water quality and health. In this
study the investigators attempted to measure enteric viruses in water but did not
show any data on how frequently they detected these viruses in the water samples
and the efficacy of their virus detection methods. Detection and quantification of
enteric viruses in environmental water samples is difficult.

A recent meta-analysis of twenty-seven studies of recreational water qual-
ity and gastrointestinal illness (Wade and others, 2003) concluded that despite
significant heterogeneity among the studies, the results generally supported the
EPA’s guideline levels for E. coli in freshwater and enterococci in marine waters.
The authors noted that the studies that reported elevated relative risks tended to
be those that used a nonswimming control group, focused on children, or used
study populations found at athletic or other recreational events instead of popula-
tions recruited at a beach. This observation shows how study design features can
affect the observed association between water quality and gastrointestinal illness,
presumably by introducing selection biases affecting either external or internal
validity. Wade and others (2003) argue that if measuring the risks associated with
swimming is the goal of the study, then nonswimmers are the appropriate control
group and that using a control group of swimmers may underestimate the risk of
recreational water contact and result in insufficiently protective regulatory guide-
lines. Nonswimming controls used by other studies have been family members or
others at the beach who did not swim, bystanders, organizers of athletic or organ-
ized recreational water events, or participants in a related recreational event that
did not include swimming (Wade and others, 2003). However, Haile and others
(1999) defended their use of a swimming control group (those who swam >400
yards away from the storm drains, or those in the lowest bacterial indicator expo-
sure category) on the grounds that restricting the study to swimmers reduced the
potential for confounding (that is, subjects who swim are different from subjects
who choose not to swim). Future studies could attempt to collect more informa-
tion on swimmers and nonswimmers in order to ensure that these groups have
similar age distributions and risk factors.
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EPIDEMIOLOGY AND RISK ASSESSMENT

The results of occupational and environmental epidemiological studies can affect
public health by alerting policymakers to new hazards and possibly by triggering
regulations about permissible levels of exposure. Sometimes a single large and
definitive study 1s deemed sufficient to change public policy, but in other instances
regulators want to see a study’s results replicated (recall Hill’s criterion of consist-
ency). When a number of studies point in the same direction, public authorities
are more likely to act.

In the past, qualitative literature reviews were used to summarize the evi-
dence across many studies. Today one is more likely to see a quantitative meta-
analysis that provides a weighted average of quantitative results across studies.
Meta-analyses were originally used for clinical trials but have been used exten-
sively for observational studies in the last decade. They can combine results from
different study designs, such as rate ratios from cohort studies and odds ratios
from case-control studies. For example, a meta-analysis may give a weighted aver-
age of lung cancer rate ratios or odds ratios across many studies of silica and lung
cancer (actually the logarithms of the ratio measures are used, and then results
are converted back to the original scale at the end). The weights are typically the
mverse of the variance of each study’s result; this means that the largest studies
with the narrowest confidence intervals, those that are estimated more precisely,
will have the lowest variance and be accorded the most weight.

Meta-analyses do not require access to the original study data; they can use
results from the published literature. A variant method to summarize data across
studies is a pooled analysis, in which the raw data for each study are obtained
and the combined data then reanalyzed. Pooled analyses are much more time
consuming but have the advantage of providing more flexibility in the analysis.
Meta-analyses are most often done to determine a common ratio measure of
disease rates (for example, a rate ratio) in the exposed versus the nonexposed.
However, they may also be done to determine a common exposure-response coef-
ficient across a number of exposure-response analyses.

Exposure-response analyses are of particular interest to public health author-
ities who seek to determine a permissible exposure level for the public or for
workers. The determination of a permissible exposure level is based on risk
assessment (and is discussed in detail in Chapter Twenty-Nine). Risk assessment
may be based on animal data or human data. The former requires extrapolation
from animals to humans and hence involves a considerable amount of uncer-
tainty. For this reason, human (epidemiological) data are preferred, but they may
not exist for the agent in question. When epidemiological data do exist, results
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giving the increased rate of disease per unit of exposure (exposure-response data)
for an exposed population must typically be converted to the excess risk of disease
over a lifetime for an individual who received a specific exposure. The exposure
associated with a specific level of excess lifetime risk, typically somewhere in the
range of 1 in 100,000 to 1 in 1,000, is then determined to be permissible. For
workers, the U.S. Occupational Safety and Health Administration (OSHA) typi-
cally seeks to limit risk to 1 in 1,000,000, a higher risk than is usually accepted
by the EPA, under the assumption that workers voluntarily accept a somewhat
higher risk. Rates can be converted to risk using simple formulas.

Two 1issues of concern arise for risk assessors working with epidemiologi-
cal exposure-response models. The first is the shape of the exposure-response
curve. When data are sparse, and sometimes even when they are not, it may
be difficult to choose among competing models for setting permissible limits,
models that can have very different consequences.. Typical questions involving
model selection might be whether the exposure-response shows a linear increase
in disease rates per unit of exposure, whether there is a threshold below which
there 1s no risk followed by an increase, or conversely, whether there is a cutpoint
above which disease risk begins to flatten out or even decrease. A second ques-
tion typical of risk assessment is the nature of the exposure-response relation-
ship in the low-dose region, where there may be few data. This question often
arises when occupational epidemiological studies (high exposure) are used for risk
assessment for general environmental exposures such as diesel fumes, dioxin, or
asbestos.

An example in which both these issues occurred is a risk assessment for can-
cer subsequent to dioxin exposure, based on a study of 3,538 workers (Steenland,
Deddens, and Piacitelli, 2001). Most workers were exposed to dioxin several
orders of magnitude above typical environmental levels, raising the issue of
whether results could be extrapolated to low-dose levels. However, there were
some data in the low-dose range, yielding more confidence in such extrapolation.
The model using the logarithm of cumulative exposure produced estimated risks
from low-dose exposure that were ten times higher than the risks predicted by the
linear model. A doubling of background levels in the serum (10 ppt versus 5 ppt),
such as might occur due to high fish consumption (dioxin intake in the general
public comes primarily from diet), resulted in an increase in lifetime risk of can-
cer mortality of about 0.9 percent according to a model with the logarithm of
cumulative exposure, and of about 0.05 percent according to a two-piece linear
model. The background risk of cancer death by age seventy-five is 12 percent for
males and 11 percent for females. In this case the two-piece linear model was the
better model to use in the low-dose region, given that the logarithmic model by
definition invariably results in an extremely high slope in this region.
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FUTURE DIRECTIONS

Occupational epidemiology is becoming less and less concerned with exposures to
toxins, which are becoming less and less prevalent in the workplace. Instead, inter-
est is now focusing more on other types of exposures that affect a large number of
workers. One such exposure is job stress, which is difficult to measure but which
may have large consequences via increasing blood pressure or cardiovascular
disease, or both. Results to date for a link between job stress and blood pressure
are tantalizing but far from conclusive; potential confounding by socioeconomic
status is a major issue in studies of job stress. Shift work and a noisy workplace are
related exposures that may result in stress and increased blood pressure. Another
related exposure is loss of employment, which may in turn increase stress and
predict poor health in other ways.

Yet another area of large concern is ergonomics. Musculoskeletal injuries
such as low back pain and carpal tunnel syndrome are extremely common in the
workplace and result in a large economic burden of disability. Epidemiological
studies relating specific work practices to these musculoskeletal outcomes are dif-
ficult to design and conduct. Nonetheless the evidence to date clearly implicates
forceful repetitive motion in the development of carpal tunnel syndrome. The
epidemiological evidence for low back pain is somewhat less conclusive but also
points to awkward lifting postures as contributors.

When toxins do continue to be of concern in the workplace, epidemiologists
are increasingly concerned with risks of subclinical outcomes among the exposed
workers, outcomes that may or may not have long-term consequences. Examples
of these outcomes are cytogenetic changes such as sister-chromatid exchange and
chromosomal aberrations (future cancer risk?), excess small protein in the kidney
(future kidney disease?), and the presence of autoantibodies in the serum (future
autoimmune disease?).

Another trend is the assessment of gene-environment interactions. For exam-
ple, subjects with high levels of PCBs in their serum may be at risk for Parkinson’s
disease only if they have a certain genetic polymorphism. (This possibility and its
implications for public health are discussed in Chapter Six.)

The trends discussed here are occurring primarily in developed industrialized
countries (where the practice of epidemiology is more common). In less devel-
oped countries, large numbers of people still sustain very high levels of exposure
to the classic occupational toxins. In many of these cases, however, what is needed
1s hazard surveillance and control rather than new epidemiological studies.

One problem that affects occupational epidemiology in the United States, and
to some extent all countries, is the increasing difficulty of conducting workplace
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studies at all. In many instances, permission from the employer is required, and
the spread of market economies, coupled with weakness of organized labor, has
meant less emphasis on workplace health and safety and more barriers to con-
ducting occupational studies.

As for environmental epidemiology, low-level exposure to common toxins
continues to be of interest in determining whether such exposure contributes to
background endemic disease rates. Arsenic in the water, PCBs in the diet, mer-
cury in the air, and small particulates in the air are just a few of the agents of
interest. A new class of toxins of concern is fluorocarbons such as perfluoroocta-
noic acid (PFOA). This industrial chemical does not exist in nature, but it is now
present in the serum of virtually all inhabitants of industrialized countries. The
route of exposure is still not clear. Although use of PFOA is now being phased
out, it has been employed in common products such as Teflon and Scotchgard.
It persists indefinitely in the environment and has been found by the EPA to be a
probable human carcinogen. The difficulty of conducting conclusive epidemio-
logical studies on such agents, combined with their large potential public health
consequences, continues to lead to more sophisticated study methods.

In addition to these classic problems, newer issues are demanding attention.
Global climate change is now largely accepted as a real trend by the scientific
community (see Chapter Ten). However, the health effects of climate change are
challenging to study and have yet to be fully documented. Indeed, the endpoints
for such studies are not always clear, and the appropriate study designs may not be
apparent. Lack of a protective ozone layer in certain parts of the world is another
example of a recent and challenging issue. Other issues are even newer, such as
how to measure the health effects of urban environment features such as parks,
pedestrian infrasturcture, and pavement (see Chapter Fourteen).

SUMMARY

Epidemiology is the study of the distribu-
tion and determinants of health and disease
in human populations, and epidemiologists
are dedicated to studying whether a given
exposure or set of exposures causes a cer-
tain disease. Environmental epidemiology
and occupational epidemiology study the

role of exposures in the general environ-
ment and in the workplace, respectively.
Investigators in these two fields use many
similar methods.

There are many kinds of epidemiological
study designs. Examples include ecological
studies, cohort studies, and case-control
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studies. In each case, epidemiologists work
to define and measure exposures, to define
and measure the health outcomes of inter-
est, and to define and measure other factors
that may bear on the association of inter-
est. They also work to eliminate or control
sources of bias that may skew their findings,

ENVIRONMENTAL HEALTH

including confounding, selection bias, and
information bias.

Epidemiological data are invaluable in
risk assessment, in standard setting and
other policymaking, and in dispute reso-
lution in environmental and occupational

health.

KEY TERMS

analytical studies
biological plausibility
(Hill criterion)
biomarker of exposure
case-control studies
categorical variable
causal inference

causal relationship
clinical trials

cluster

cohort studies
confidence interval
confounding
consistency (Hill criterion)
continuous variable
correlational studies
cross-sectional studies
cumulative incidence
descriptive studies
dichotomous variable

dose-response (Hill

criterion)
ecological studies
effect modification

effect size (Hill criterion)

endemic disease
environmental
epidemiology
epidemic
epidemiology
etiologic studies
external validity
generalizability
healthy worker effect
Hill’s criteria
incidence
information bias
internal validity
job-exposure matrix
Karl Popper

latency period
linear regression
logistic regression
meta-analysis
misclassification
mismeasurement
multivariate analysis
National Death Index
natural experiment
nondifferential error

null hypothesis

observational studies
occupational epidemiology
odds ratio

p value

pooled analysis

precision

prevalence

prospective studies

quantitative meta-
analysis

randomized clinical trials
rate

rate ratio

recall bias

regression analysis
retrospective studies
risk

risk assessment
sample size

selection bias
statistical power
statistical significance
stratification

temporal relationship
(Hill criterion)
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DISCUSSION QUESTIONS

1. Perfluorooctanoic acid (PFOA) is present at background levels of about
5 ng/ml in the blood of the general U.S. population. Operations at a Teflon
plant in Parkersburg, West Virginia, resulted in contaminated drinking water
in nearby parts of West Virginia and Ohio. Approximately 70,000 residents
living in six water districts near the plant had their blood levels measured in
2005 and 2006 as part of the settlement of a class action lawsuit; blood lev-
els averaged 80 ng/ml (with a very wide range). In addition, approximately
1,000 workers at the chemical plant had been measured in 2004 and had
blood levels on the order of 500 ng/ml at that time. Data on emissions of
PFOA over time are available. PFOA is an animal carcinogen (liver, testicu-
lar, pancreatic, and perhaps breast cancer) and causes fetal loss in mice. Data
on cancer in people in possible relation to PFOA are sparse and inconsistent.
There 1s some evidence of a modest correlation between mothers’ PFOA
blood levels and lower birthweight in infants, and also between increased
cholesterol and PFOA. What kinds of studies would you conduct in the
populations just described, assuming you had access to data from both
the general population and the workers and could count on their coopera-
tion? What measure of exposure would you use? How would you estimate
past exposure?

2. Suppose you want to study whether environmental tobacco smoke (E'TS)
causes heart disease. E'TS exposure occurs among both smokers and non-
smokers who are around tobacco smoke. However, smokers take in much
higher levels of chemicals from cigarettes than the levels encountered by
nonsmokers exposed to ETS. In what population would you choose to study
ETS? Who would be the exposed and who would be the nonexposed? How
would you measure exposure? What would be your heart disease outcome,
and how would you measure it? What study design would you use?

3. We rely on both human evidence (from epidemiology) and animal evidence
(from toxicology) to clarify the health effects of toxic exposures. Each pro-
vides valuable information, and each has both advantages and disadvantages.
Please compare and contrast the two kinds of evidence and explain their
relative merits.
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FOR FURTHER INFORMATION

Textbooks

Many excellent epidemiology textbooks are available, some providing a general overview of the field
and others focusing on environmental and occupational epidemiology. Here are some

examples.

General Epidemiology

Aschengrau, A., and Seage, G. R. Essentials of Epidemiology in Public Health. (2nd ed.) Sudbury, Mass.:
Jones & Bartlett. 2007.

Gordis, L. Epidemiology. (4th ed.) Philadelphia: Saunders, 2008.

Koepsell, T. D., and Weiss, N. S. Epidemiologic Methods: Studying the Occurrence of Illness. New York: Oxford
University Press, 2003.

Rothman, K. J. Epidemiology: An Introduction. New York: Oxford University Press, 2002.

Rothman, K. J., Greenland, S., and Lash, I. L. Modern Epidemiology. (3rd ed.) Philadelphia: Lippincott
Williams & Wilkins, 2008.

Szklo, M., and Nieto, F. K. Epidemiology: Beyond the Basics. (2nd ed.) Sudbury, Mass.: Jones & Bartlett, 2006.

Environmental and Occupational Epidemiology

Baker, D., and Nieuwenhuijsen, M. J. (eds.). Environmental Epidemiology: Study Methods and Application. New
York: Oxford University Press, 2008.

Checkoway, H., Pearce, N., and Kriebel, D. Research Methods in Occupational Epidemiology. (2nd ed.) New
York: Oxford University Press, 2004.

Friis, R., and Sellers, T Epidemiology for Public Health Practice. (4th ed.) Sudbury, Mass.: Jones & Bartlett, 2008.

Merrill, R. M. Environmental Epidemiology: Principles and Methods. Sudbury, Mass.: Jones & Bartlett, 2007.

Steenland, K. Case Studies in Occupational Epidemiology. New York: Oxford University Press, 1992.

Steenland, K., and Savitz, D. (eds.). Topics in Environmental Epidemiology. New York: Oxford University
Press, 1997.

Journals

Many journals publish epidemiological research. These include general medical and public health
journals and also specialty journals such as the following:

American Journal of Epidemiology

Annals of Epidemiology

Lpidemiologic Reviews

LEpidemiology

International Journal of Epidemiology

Journal of Epidemiology and Community Health
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Organizations

American College of Epidemiology, http://www.acepidemiology.org. A professional organization dedi-
cated to continuing education and advocacy for epidemiologists in support of their efforts to
promote public health.

Conference of State and Territorial Epidemiologists, http://www.cste.org. A professional association of
public health epidemiologists working in states, local health agencies, and territories.

International Society for Environmental Epidemiology, http://www.iseepi.org. A group with members
from over fifty countries that provides a professional forum for discussing problems unique to
the study of health and the environment.

Society for Epidemiologic Research, http://www.epiresearch.org. A forum in which professionals can
share epidemiological research.
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EXPOSURE ASSESSMENT,
INDUSTRIAL HYGIENE,
AND ENVIRONMENTAL

MANAGEMENT

P. BARRY RYAN

KEY CONCEPTS

B Assessing environmental exposures is key to identifying hazards, understanding
the effects of hazards on health, controlling hazards, and monitoring the success
of control efforts.

B Industrial hygiene is a discipline that involves the anticipation, recognition, evalu-
ation, and control of workplace hazards.

B Industrial hygiene uses many measurement techniques, such as air sampling and
biomonitoring:

B Industrial hygiene uses a hierarchy of control strategies, such as substitution,
ventilation, and personal protective equipment.

B Exposure science is an emerging field that applies many of the tools of industrial
hygiene to the general environment.
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HIS chapter introduces a set of concepts and activities that are at the

core of environmental health: recognizing, measuring, and ultimately

controlling hazardous exposures. Our account begins with industrial
hygiene, a technical field that evolved in industrial workplaces. It then moves
beyond industrial hygiene, to describe a modern field active both in the workplace
and the general environment: exposure assessment.

Industrial hygiene and exposure assessment share a common task: quantify-
ing hazardous exposures. This task is relevant both to public health practice and
to research. In public health practice, quantifying exposures helps assess potential
problems, direct preventive efforts and monitor their success, and check compli-
ance with regulations. Quantifying exposures is also essential in research, because
it allows investigators to quantify the association between the exposures and health
outcomes. Knowing, for example, that carbon monoxide is an asphyxiant is only
so useful. Knowing how much carbon monoxide exposure can be tolerated and
how much is dangerous, and knowing how to measure the exposures where and
when they occur, enables us to understand the biological effects more completely,
identify acceptable levels and set standards accordingly, and monitor environ-
ments to be sure they are safe.

But even though they share a common task, industrial hygiene and exposure
assessment differ in an important way. Industrial hygiene has traditionally moved
beyond measuring exposures to controlling them. An industrial hygienist in a fac-
tory typically monitors air levels of, say, hazardous solvents, and if they are excessive
in a particular part of the factory, she or he implements controls, such as substitut-
ing a safer solvent, upgrading the ventilation system, or providing personal protec-
tive equipment for affected workers. An exposure assessor, in contrast, specializes
only in measuring and quantifying exposures (often in a research setting), whereas
responsibility for controlling excessive exposures rests with other professionals.

ANTICIPATION, RECOGNITION, EVALUATION,
AND CONTROL

Industrial hygiene has been defined as the “science and art devoted to the antici-
pation, recognition, evaluation, and control of those environmental factors or
stresses arising in or from the workplace that may cause sickness, impaired health
and well-being, or significant discomfort among workers or among citizens of the
community” (American Industrial Hygiene Association, quoted in Plog, Niland, and
Quinlan, 1996). Industrial hygienists are the professionals who manage workplace
risks, together with allied professionals such as occupational physicians and nurses.

P. Barry Ryan declares no competing financial interests.
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Industrial hygiene has been practiced in the United States for almost one hundred
years. Historically, the profession’s paradigm was summarized as “recognition,
evaluation, and control,” but in recent years it has been expanded to “anticipa-
tion, recognition, evaluation, and control.” Under this paradigm, the industrial
hygienist aims to predict and then recognize hazards in the workplace, measure
the magnitude of exposure, and implement appropriate control strategies. Koren
and Besesi (1996) have developed concise definitions of each part of this para-
digm. They define anticipation of hazards as “proactive estimation of health
and safety concerns that are commonly, or at least potentially, associated with a
given occupational or environmental setting.” Recognition of occupational haz-
ards 1s the “identification of potential and actual hazards in a workplace through
direct inspection,” a definition that emphasizes that empirical observation is at the
heart of industrial hygiene. Evaluation includes measuring exposures through
“visual or instrumental monitoring of a site.” Finally, control is the “reduction
of risk to health and safety through administrative or engineering measures.”
Industrial hygiene is by its nature a field discipline, and industrial hygienists spend
much of their time in workplaces, observing, measuring, and problem solving. As
they do so, each element of the paradigm is part of their approach.

Anticipation

Anticipation may be viewed as the “pre-preliminary” assessment before going into
the field. Prior to visiting a workplace the industrial hygienist typically receives
some information about it, such as the history of the site, the manufacturing
processes in place, job titles, and chemicals in use. Based on this information and
on general knowledge of the industry, the hygienist can develop a preliminary
list of potential health and safety hazards, including those confined to the work-
place—occupational hazards—and those that may migrate over the fence line to
nearby rivers, woodlands, or communities, becoming environmental hazards.

Industrial hygienists divide occupational hazards into two focus areas: safety
and health. Examples of safety hazards include insufficient emergency egress,
slippery surfaces and other risks of trips and falls, and chemical storage posing fire
or explosion risk. Moving machinery, unguarded catwalks, and moving vehicles
such as forklifts also come under this general heading. Although these concerns
are the domain of a related profession, safety engineering, many industrial
hygienists handle safety concerns as part of their job, especially at smaller facilities
where they need to be jacks-of-all-trades.

Health hazards in the workplace are highly varied. They may include phys-
ical hazards such as high noise levels, elevated temperatures and humidity, and
radiation. Physical hazards may also include repetitive motion such as typing or
hand tool use, which can increase the risk of work-related musculoskeletal injuries
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such as shoulder pain or carpal tunnel syndrome. Chemical hazards can also
result from many workplace processes and may be acute or chronic. Acute high-level
exposures to certain highly toxic chemicals, such as chlorine gas, may result in both
acute and chronic health effects, disability, and even death. Such events must be
clearly anticipated and controlled. More common are long-term exposures leading
to chronic effects. Some effects, such as neurological damage from solvent exposure,
have been well established through occupational epidemiological investigations. For
example, long-term exposure to benzene increases the risk of bone marrow dys-
function and aplastic anemia, a blood disease characterized by reduced amounts of
several lines of blood cells. Other examples include increased risk of asbestosis in
asbestos workers, silicosis in foundry workers, and lung cancer in uranium miners.

In modern industrial hygiene, the industrial hygienist is often called upon
to anticipate environmental hazards as well as hazards in the workplace.
Environmental hazards may endanger safety (as when a chlorine tank ruptures
and neighbors are exposed to toxic gas), health (as when a plume of organic
wastes from improper disposal at a factory contaminates groundwater and enters
people’s wells), and welfare (as when smokestack emissions damage nearby trees
or homes). Environmental effects may also include ecological damage (such as
damaging the oxygen-carrying ability of a local water supply) and economic dam-
age (such as contaminating nearby land with heavy metals, industrial solvents,
or pesticides to the point that the land can no longer be used for residential or
recreational purposes). The industrial hygienist should anticipate such possibili-
ties, and design a preliminary investigation to address such concerns. This may
include reviewing many aspects of a factory’s operations. For example, if records
or employee interviews suggest that hazardous materials were stored inappropri-
ately in years past, then these materials might have seeped into the ground and
migrated off site, contaminating groundwater. The hygienist who suspects such
widespread contamination may consult an environmental specialist with expertise
in environmental exposure assessment.

The two accompanying Perspectives present examples of evaluations that
might be performed by an industrial hygienist, emphasizing the opportunities to
anticipate hazards. The examples show that even with minimal information, the
industrial hygienist can anticipate hazards and devise a reasonable plan of attack
prior to visiting a facility. This strategy depends on examining all available infor-
mation before visiting the site: the industrial process description, the job titles of
workers in the facility, the chemicals in use at the facility (this information is often
available on material safety data sheets), and the history of the site. Using this
information the industrial hygienist develops a list of potential health and safety
hazards, perhaps in checklist form to permit recording of observations during the
walk-through visit. During the plant visit, unanticipated hazards may of course
become apparent as well.
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PERSPECTIVE
Assessing an Electronics Manufacturing Facility: The Role
of Anticipation

An industrial hygienist is asked to evaluate an electronic manufacturing facility and
to focus on occupational hazards. She is told of several operations with potential
health impacts that are performed at this workplace. Solvent degreasing (to clean
metal pieces) and acid etching may expose workers to chemicals, various machines
and cutting tools are in use, and some workers perform repetitive operations with
their hands and arms.

Solvents such as trichloroethylene, acetone, and Stoddard solvent, are used exten-
sively for degreasing in industry. Most facilities have a single room in which these mate-
rials are used. The prudent industrial hygienist anticipates the potential in this room for
spillage, respiratory exposure (perhaps due to inadequate ventilation), and skin contact
(perhaps due to improper handling or inadequate personal protective equipment).
Further, on-site storage areas for solvents may result in occupational exposure and,
over time, contamination of the surrounding environment. The industrial hygienist
plans for close inspection of solvent use and storage areas in this facility. Anticipated
concerns with acid-etching activities are similar, although occupational and environ-
mental outcomes are likely to be different. The industrial hygienist is concerned with
the specific activities associated with acid etching, the storage of used materials and
acids on site, and the potential for environmental contamination and effects.

At least some workers perform repetitive operations as part of their jobs, and
the industrial hygienist anticipates problems associated with such activities. She
arranges to observe the repetitive activities to assess the potential for associated
musculoskeletal damage. This is an essential part of her walk-through visit to the
facility. Similarly, she plans to inspect machine operations for electrical safety, the
presence of unguarded cutting edges, risks of crush injury, and so on.

The industrial hygienist will also review administrative procedures that may bear
on risk. Are workers trained in safety procedures? Do records of injuries on the job
suggest an excess? Are chemical inventories carefully tracked and accounted for?

Finally, the industrial hygienist will anticipate hazards that may not have been
mentioned in the initial request, hazards of which the company may be unaware
or that personnel may take for granted. Examples include safety hazards such as
fire exits, fire potential, and potential for trips and falls. The walk-through visit
should include attention to all such hazards.

This facility may be viewed as a prototype of an industrial manufacturing set-
ting. In such a case the industrial hygienist may visit the facility with a checklist of
potential or expected hazards. Some of these potential hazards may be present in
a specific situation, others may be absent, and still others may be controlled. Only
direct inspection (or evaluation, as discussed later in this chapter) can lead to a direct
conclusion about control strategies.
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PERSPECTIVE
Assessing Leaking Underground Storage Tanks: The Role
of Anticipation

An industrial hygienist is asked to evaluate an abandoned gas station in a residen-
tial setting where, he is told, gasoline and oil leakage has been noted. Further, he
is told that there is housing nearby and associated with this housing is a drinking-
water well field that supplies drinking water for some part of the local area. How
does he anticipate potential hazards in such a situation?

Although this is not a classical industrial hygiene problem, it is one that more
and more industrial hygienists are seeing in their daily work. This facility is no longer
in operation and therefore does not have any occupational hazards associated with
it; it is now in the realm of environmental hygiene. Because of this, the industrial
hygienist may wish to contact an environmental consultant for added insight.
However, the industrial hygienist can identify numerous anticipated hazards.

From the information given, the most important consideration is the leakage
of gasoline and oil from the facility. It is critical, then, to evaluate the magnitude of
the leakage and the time over which it has occurred. Underground storage tanks
may leak undetected for months or even years. Because there is nearby housing
and a superficial well field close to the location, such leakage has the potential
for serious environmental consequences. These outcomes may include property
damage, well contamination, and even closure of the wells. The industrial hygien-
ist therefore plans to evaluate the extent of the contamination when he reaches
the site. Has the contaminant plume migrated off site? If so, how far? Are homes
in danger? Is there sufficient hazard to merit evacuation and immediate cleanup?
Has the well field been affected? If so, are all wells contaminated? Time is of the
essence in addressing these concerns.

Recognition

Once the industrial hygienist has anticipated the potential hazards associated with
a facility, the next step is recognition of the actual hazards. The initial recogni-
tion phase is usually accomplished during a site visit or walk-through, a visual
inspection of the facility. The purpose of the walk-through is to gather both
qualitative and quantitative information about occupational and environmental
hazards. The industrial hygienist reviews the various processes and procedures at
the facility, the job categories, the number of workers in each job category and
their job descriptions, and any health and safety programs in place at the plant.
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She or he identifies hazardous physical, chemical, and biological exposures and
also ergonomic, mechanical, and psychological factors affecting the workplace.
Visual inspection might reveal such hazards as exposed machinery, pinch points,
sharp edges or blades, unsecured tip-over hazards, high noise levels, and the pres-
ence of chemicals. A similar review of environmental hazards may be undertaken
with an emphasis on off-site emissions.

Another important aspect of the walk-through is recognition of the subpopu-
lations in the facility. For example, certain workers may be exposed to ergonomic
hazards because they perform lifting activities or repetitive movements as part of
their jobs. A second group may experience few of these hazards but may work in
a high-temperature area and be subject to heat stress. A third group may confront
neither of these exposures but may work with industrial machinery and thereby
be exposed to safety hazards. During a walk-through the industrial hygienist notes
these subpopulations and might choose to evaluate hazards differently for different
groups.

At the end of the recognition phase the industrial hygienist should have a
detailed picture of the manufacturing processes, a listing of the associated haz-
ards, and a plan for evaluating these hazards. This plan is written down and a
detailed protocol developed for the next phase, the evaluation of the hazards.

Evaluation

At this point the industrial hygienist has a list of potential hazards in the facility
but no quantitative information about the degree of worker exposure. Even if a
metalworking facility uses toxic degreasing solvents, for example, the risk of expo-
sure may be minimal with proper storage and handling and appropriate ventila-
tion. The evaluation phase actually begins during the walk-through, and there is
a smooth transition from the recognition of hazards to their evaluation.

The evaluation component focuses on quantifying the degree of exposure. As
described later in the section on exposure assessment, the hygienist may choose to
measure exposures in a part of the workplace (area sampling), in the immedi-
ate vicinity of individual workers (personal sampling), or even in the bodies
of individual workers (biological sampling).

Population Sampling for Exposure Evaluation Initially, the hygienist needs to
determine which workers’ exposures to study. The focus may be on certain work-
ers with specific job titles. For example, degreasers may be monitored for solvent
exposure whereas forklift drivers or package handlers may be monitored for ergo-
nomic exposures. In some industries, especially those with widespread or serious
hazards, evaluation may involve all employees at a facility or even all workers
in a specific industry. Examples include workers in asbestos-related industries
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or in industries using radiation, such as nuclear power generation. In industrial
settings monitoring is sometimes performed at the request of a local union. In
this case the union may have specific concerns and may ask for monitoring of
all its members. Although the industrial hygienist may offer guidance and sug-
gest monitoring only specific subpopulations, she or he may have to defer to the
requirements of the union.

Once the population has been selected, the next choice is the type of popula-
tion sample to be taken. In small facilities or in facilities where regulation requires
it, a census sample should be taken. In such a sample all potentially exposed indi-
viduals are monitored. However, in larger facilities this can be very expensive,
and a statistically representative subsample can characterize the exposure of a
larger group. Each individual monitored thus represents a known number of
individuals in the same class. For example, if a given airline has 10,000 flight
attendants, it may be impractical to monitor each of them for exposure to ozone
during flights. The industrial hygienist may choose to monitor a subset of, say, 500
individuals, selected to be statistically representative of the full 10,000. This type
of measurement is subject to sampling error because not all the exposed people
are monitored. However, techniques are available to estimate the magnitude of
this error. The industrial hygienist, working with statistical colleagues, can deter-
mine the adequacy of any sample size for characterizing exposures for the entire
population.

A third type of population often used is the so-called convenience sample.
Often such a sample consists of volunteers or of individuals with a particular
complaint. Convenience sampling is subject to bias; there is no reason to believe
that volunteers or those with complaints typify all members of the group. This
sampling strategy should be avoided. However, a related sampling strategy may
have a role. The hygienist may select worst-case sampling—sampling those work-
ers at highest risk of exposure or sampling at times when exposures are most
likely, or doing both, on the assumption that if these workers’ exposures are
shown to be well controlled, then the remaining workers are also unlikely to be
overexposed.

Exposure Evaluation Instruments  Two general types of instruments are available
for measuring environmental exposures: direct reading instruments and sample
collection instruments. Direct reading instruments provide real-time measure-
ments of the parameter of interest, and sample collection instruments, as the
name implies, collect samples for later analysis.

Direct reading instruments are useful for measuring many physical
hazards, such as temperature, noise, and radiation. These instruments typically
have a digital readout, and some have the ability to store data collected over a
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period of time for later downloading. Common examples are digital thermom-
eters to measure temperature, hygrometers to measure relative humidity, noise
monitors, and direct reading radiation monitors based on the Geiger counter
principle. Such instruments are portable, often weighing less than a kilogram,
and are usually enclosed in a rugged carrying case, allowing easy transport to
field sites.

Direct reading instruments are also available for measuring levels of many
airborne pollutants, including gases, vapors, and particles. For example, organic
vapors are measured with photoionization detectors or portable gas chromato-
graphs (GC-on-a-chip), and particulate matter with light-scattering devices. Other
types of monitors are also available for specific compounds. A limitation in using
these instruments is that the character of the airborne pollutant must be known
before monitoring can be carried out. In industrial hygiene applications, this often
poses little difficulty as, typically, one specific compound is of concern or a particle
of a specific size is produced by the process under investigation.

Sample collection instruments are used instead of direct reading instru-
ments when multiple airborne pollutants are present or further analysis on samples
is desirable. In this case the instrument collects a sample of air—with whatever
contaminants are in it—on an absorbing medium. The absorbing medium is
then taken to the laboratory and the amounts of the compounds of interest are
determined.

These air delivery/absorber systems are generally one of two types, active or
passive. In the active sampling devices, air 1s drawn through the absorbing medium
by an electric pump. The amount of air drawn through is controlled by the pump
and can be varied. The total volume of air sampled can be calculated by mul-
tiplying the air flow rate by the duration of sampling, and when the mass of
contaminant on the sampling medium is later quantified, its concentration in air,
in units of mass per volume, can be readily calculated. The sampling time period
can be shortened by increasing the pump flow rate, thereby delivering the same
amount of air in less time—a useful maneuver if exposure durations occur over
short periods of time or are highly variable.

There are distinct disadvantages to active sampling. Chief among these
is the presence of the pump, which requires electricity to run and is often bulky:
These drawbacks make such devices unsuited to many kinds of personal sam-
pling. Often, active sampling is limited to area sampling, which is by its very
nature not what the individual worker experiences as contaminant exposure. Two
active sampling devices are shown in Figure 4.1. The sampling devices themselves
(for ozone and particulate matter) and the pump are located inside the box at
the bottom of the apparatus. The vertical pipe with the metal cone on top is a
device designed to collect particles that are inhalable deeply into the lung. The
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FIGURE 4.1 Air Pollution Sampling Apparatus for Ozone
and Particulate Matter

device includes a size-selection sampling head designed to allow particles smaller
than a certain diameter to pass through to the particulate sampler. Ozone is sam-
pled off the same air stream.

Passive sampling devices require an absorbing medium that removes the
compound of interest from the air by reaction or absorption. This process takes
advantage of the concentration gradient between the air to be sampled and the
surface of the absorbing medium. Because of this concentration gradient,
the compound of interest diffuses from the air to the surface of the absorbing
medium, from which it is then removed. Analysis of the concentration is accom-
plished in a manner similar to active sampling analysis; the amount found in the
absorbing medium is determined in the laboratory and the amount of air deliv-
ered to the surface is computed using Fick’s Law of Diffusion. The concentration
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in the air during the sampling period is then calculated by dividing the amount of
material on the absorbing medium, determined in the laboratory, by the volume
of air passed through the system to the absorber. Many industrial hygiene applica-
tions make use of this type of system.

Passive devices have the advantage of not requiring a pump but the disadvan-
tage of low sampling rates, often 1,000-fold slower than active samplers. Thus the
amount of material sampled in a given time is also substantially lower. However,
in occupational settings concentrations are often sufficiently high to allow use of
passive devices and still achieve excellent results. Further, improved laboratory
analytical procedures have substantially reduced the amount of material that
must be collected to yield accurate quantification of many compounds of interest.
When available and of sufficient precision and accuracy, passive sampling devices
can be the method of choice. The industrial hygienist developing a monitoring
system should be cautious, however. Passive devices do not exist for every con-
taminant of interest. In particular, passive devices for particulate matter are not
yet of sufficient precision and accuracy to merit their use in typical occupational
settings, although this too 1s changing with improved technology.

Biological monitoring, discussed later in this chapter, is of interest to the
industrial hygienist as well. In such monitoring programs, biological samples, such
as hair, saliva, blood, or urine, are collected from potentially exposed individuals
and analyzed for either the compound of interest or a metabolite of that com-
pound. In circumstances where such techniques exist, they often offer the best
solution for a monitoring program.

Control

The final component of the industrial hygiene paradigm is control of the haz-
ards. In public health terms this corresponds to primary prevention, a central goal.
Industrial hygienists use several approaches to modify the workplace environment:
substitution, isolation, and ventilation. Substitution involves replacing a hazard-
ous material or process with a less hazardous one. For example, benzene (a bone
marrow toxin) might be replaced by toluene. Isolation involves containing or
limiting access to the hazardous process. For example, a metal cage may be placed
around moving parts to reduce the likelihood of clothes catching on the parts and
subsequent injuries to a worker. For certain hazards, most notably chemical and
heat-related hazards, ventilation offers a viable control strategy. For example,
the introduction of fresh air, local exhaust ventilation, or cool air may significantly
alter the risk associated with exposure to these hazards.

Protective devices are often used to control safety hazards. For exam-
ple, a worker operating a cutting machine may need to push two buttons, one
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FIGURE 4.2 Personal Protective Equipment for
Solvent Exposure

Source: Courtesy of Phillip L. Williams, Dean and Professor, University of Georgia College of
Public Health.

with each hand, to initiate a cut; this guarantees that his or her hand cannot be
in the cutting zone when the machine functions. Similarly, a power cutoff may
be installed, automatically cutting the electrical supply to a machine when it is
entered for maintenance. This prevents unintentional startup of the machine,
which would endanger maintenance workers. The so-called lockout/tagout pro-
cedures are an example of this strategy; a worker places a lock on the machinery
in such a fashion that it cannot be started until he or she removes that lock,
and the lock is located so as to keep the worker safely away from the hazardous
part of the machine. Personal protective equipment, such as respirators,
gloves, safety glasses, hardhats, safety harnesses, and steel-toed boots may also be
recommended, although this approach is less preferable than the environmental
changes described previously. Figure 4.2 shows an example of personal protective
equipment in use. Working at a solvent degreasing tank, the worker is subjected
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to elevated levels of vapor exposures if not protected. The worker wears personal
protective equipment consisting of a face shield to protect the face from splashed
solvent and a fresh air supply (delivered by a pump, on the worker’s back) and a
plastic hose) to dilute the solvent vapors being breathed. The exposure is moni-
tored using the pump and the collection device mounted on the worker’s hip.

Administrative strategies, such as rotating workers through dangerous
jobs to limit any individual’s aggregate exposures (an approach used, for example,
with radiation workers) sometimes have a role as well. (These strategies, and the
philosophy that guides choosing among them, are discussed in further detail in
Chapter Twenty-Six.)

EXPOSURE SCIENCE

Industrial hygiene focuses on workplace exposures. Although such exposures are
often quite high and therefore of great scientific and public health interest, they
affect only a subset of the population. Environmental health scientists are also
concerned about the community as a whole. The study of exposures in nonoc-
cupational settings grew out the industrial hygiene experience. As early as the
1950s, environmental health scientists began turning their attention from high-
level workplace exposures to lower-level community exposures to the same chemi-
cals. These efforts gave rise to the field of exposure science.

Exposure science focuses on quantifying the contaminant exposures peo-
ple experience as they go about their daily activities, evaluating factors that influ-
ence these exposures, and exploring new and innovative measurement methods
designed to quantify exposure and effect. Exposure assessment, one aspect of
exposure science, is concerned with the quantification of exposures in both occu-
pational and environmental settings. In performing this quantification, assessors
attend to such key concepts as concentration, exposure, and dose (as discussed in
the related Perspective).

Magnitude, Frequency, and Duration of Exposure

An important aspect of exposure is its time course, sometimes referred to as the
exposure profile. Intuitively, one might suppose that a brief but high-level exposure
to a contaminant would have a health impact different than the health impact
of exposure to a modest concentration over an entire work shift, even assuming
equivalent total exposures. For example, one worker may be welding for 15 min-
utes in an enclosed space and be subjected to a concentration of metal fumes of
40 mg/m3, receiving an exposure of (40 mg/m?)(0.25 h) = 10 mg/m? « h. After
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PERSPECTIVE
Understanding Concentration, Exposure, and Dose

A starting point for exposure assessment is to ask how much of a contaminant is found
in environmental media—what, for example, is the level of lead in workplace air or
the level of pesticides in food? These parameters are usually measured as concentra-
tion, expressed in units of mass per mass or mass per volume. Air contaminants such
as particulate matter, for example, may be quantified in units of micrograms (.g) of
contaminant per cubic meter of air (m3), that is, ig/m?3. In measuring air concentra-
tions of gases, the units often express a mixing ratio—the fraction of total air that is
made up of the contaminant gas, usually expressed as parts per million (ppm) or parts
per billion (ppb.) For example, suppose a carbon monoxide (CO) level is measured
at 1 ppm. This means that in a given volume of air divided into 1 million portions of
equal volume, 1 part would be CO and the remaining 999,999 parts something else.
In 1 cubic meter (m3) of air, 1 cubic centimeter (cm3, or cc) would be CO (and nitro-
gen and oxygen would represent about 780,000 cc and 210,000 cc, respectively). Of
course, all of these parts are mixed together; the CO is not all contained in a single cc,
instead it is dispersed throughout the entire m3. Although 1 ppm sounds like a very
low concentration, for many air contaminants it is sufficient to threaten health.

Concentrations are measured similarly in other environmental media, including
water, soil, and food. Contaminant concentrations in water are expressed in terms of
either micrograms of contaminant per cubic meter of water or micrograms of con-
taminant per gram of water. The first is similar to air concentrations, and the second is
analogous to the mixing ratio in air (because 1 g of contaminant per gram of water
is a ratio of masses, corresponding to 1 ppm). Similarly, soil or food, both being solids,
can be described using either unit.

But concentration is different from exposure; the mere presence of a contami-
nant at some concentration does not necessarily imply that people will be exposed.
Exposure is defined as contact between the environmental contaminant and a
boundary of the subject of interest. Even though ecological exposure assessment is
an important area, this discussion focuses on human exposures. Thus the boundaries
of interest are tissues such as skin, alveolar surfaces, and the gastrointestinal tract lin-
ing, which separate the “inside” of a human receptor from the “outside,” the rest of
the environment. Exposure requires the simultaneous presence of a contaminant in
the environment and a human receptor in the same environment.

If a person is indeed exposed, the exposure is a function of the concentration
and of time. Therefore exposures are expressed in units of concentration multiplied
by time, such as micrograms per cubic meter multiplied by hours: (ug/m?3)(hours).
When a contaminant is ingested, the temporal component appears in the compu-
tation as the number of meals or the total mass taken into the body during, say, a
twenty-four-hour period.
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Just as concentration is different from exposure, exposure is different from
dose. The dose is the amount of contaminant that crosses the epithelial barrier
and gets inside the body. Suppose a person is exposed to an air contaminant con-
centration of 100 pg/m?3 for a period of 10 hours, and suppose that inhalation is
the only significant exposure route; ingestion and dermal contact do not contrib-
ute. At this concentration (100 wg/m?3), the exposure is (100 pg/m3)(10 hours) =
1,000 (pg/m3)(hours) of exposure. What is the dose? Here additional information
is needed. The dose is delivered to the lungs through breathing. A typical breath-
ing rate (depending on the person’s size, level of activity, and other factors) might
be 1,100 cc/breath and 15 breaths per minute, or approximately 1 m3 of air per
hour. During a 10-hour period, this person would breathe in 10 m3 of air. The dose
is the product of the concentration, the duration of exposure, and the rate at
which the material reaches the appropriate boundary:

g (contaminant) 1 m3(air breathed)
Dose = 100 x 10 (hours of exposure) x
m3(air) Hour of exposure

Dose = 1,000 g (contaminant breathed)

In this case, 1,000 g of contaminant has reached the body boundary. This is
the potential dose. Assuming all the material crosses the boundary, this is the actual
dose. Note that the units correspond to the amount of mass delivered across the
boundary. There is no explicit time dimension.

From an exposure assessment point of view, evaluators often stop at the
potential dose, that is, the amount of material that reaches the body boundary
over a fixed period of time. However, absorption is typically incomplete, and the
biologically relevant dose or target organ dose may be lower than the entire
potential dose. Toxicologists, physicians, and other health scientists may focus
specifically on the actual dose absorbed as they study the relationship between
exposure and health effects (see Chapter Two).

Suppose a worker is required to enter a tank that was formerly filled with a
volatile solvent. The enclosed space is saturated with the solvent vapor. What is the
concentration in the tank, the worker’s exposure, and her dose?

The concentration in the tank is relatively simple to understand; it is the satu-
ration vapor pressure of the organic solvent. This can be readily measured using
appropriate instrumentation.

What is the worker’s exposure? This is a more difficult question. In an occu-
pational setting such as the one described, the worker would doubtless be fitted
with a respirator that supplied air from outside the tank, as it would be much
too dangerous to send an individual into such an enclosed space without such a
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FIGURE 4.3 Assessing Exposure in an Occupational
Setting

Source: Courtesy of Phillip L. Williams, Dean and Professor, University of Georgia College of
Public Health.

welding, he goes on to different activities in a different part of the facility in which
he experiences no further exposure to welding fumes. His coworker, working in the
welding area but not exposed directly to the fumes, remains for the entire 8-hour
shift. Measurement of metal fume concentrations over the course of the day in
the coworker’s location shows a concentration of 1.25 mg/m3. The worker in this
location receives an identical total exposure [(1.25 mg/m?)(8 h) = 10 mg/m? « h],
but the exposure profile is different.

This issue is important because some contaminants are relatively readily
metabolized or cleared at low levels of exposure but toxic at higher levels of expo-
sure. In other words, the dose rate may affect the health outcome. To account
for such differences, exposure assessors focus on the magnitude, frequency,
and duration of exposure, asking such questions as these: What is the peak
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device. Under these conditions (assuming a functioning respirator), her inhalation
exposure would be zero since no solvent vapor would reach her lung epithelium.
However, she might receive an exposure to her skin, and dermal exposure may
be an important route for the substance of concern. It is important to consider all
routes and attempt to identify all pathways to exposure.

And what is her dose? The definition of dose requires an understanding of
how much material actually crosses the boundary and gets inside the body. If the
worker did not wear a respirator, one could infer the inhaled dose by knowing
the concentration and breathing rate. To estimate dose, one would need infor-
mation regarding the efficiency of transfer across the alveolar membranes in the
lungs. Similarly, calculating the dermal dose would combine information about the
concentration in the air, the skin area exposed, and the efficiency of skin absorp-
tion. To combine these routes, a biomarker of exposure—say, blood levels of the
solvent or urinary levels of its metabolite—would provide an integrated estimate
of dose.

Figure 4.3 shows an example of exposure measurement. Here a worker is
using a sandblaster to remove silica-containing material from a pipe. Because
inhalation of silica can cause severe respiratory problems, the worker is using an
airline respirator that supplies fresh air through the pipe going off to the right; the
worker sustains no exposure to silica dust. However, the worker is still exposed to
potentially hazardous noise from the sandblaster. To test for this hazard, the worker
wears a noise monitor (the small rectangular box attached near the small of the
worker’s back).

concentration experienced during the monitoring period? Does it differ sig-
nificantly from the mean concentration? How frequently are high concentration
peaks found? Are the concentrations relatively stable, or is there variability from
minute to minute or hour to hour? Do the peaks recur regularly or episodically?
What is the duration of the exposure? Is it short followed by no exposure, or does
it occur at moderate levels for a long period? Such information can prove invalu-
able in addressing potential effects and control strategies.

Exposure scientists distinguish acute exposures from chronic exposures. Acute
exposures are brief, and when they occur at high levels, poisoning or other acute
responses may follow. Chronic exposures occur over months, years, or even
decades. Chronic exposures at low levels may manifest nonacute health outcomes
such as carcinogenesis, long-term lung damage, or similar effects. Intermediate



126

Routes

ENVIRONMENTAL HEALTH

between these two are subchronic exposures, which may occur over intermedi-
ate time scales, often weeks or months, and also may be episodic and recurring,

and Pathways of Exposure

As explained in CGhapter Two, environmental contaminants enter the body
through one of three principal routes of exposure: inhalation, ingestion, and
dermal. (Other routes, such as injection or ocular absorption, may be important
in some circumstances, and transplacental transfer is important with regard to
fetal exposures.) It is important to distinguish between these routes of exposure
and the exposure pathway, or the path by which the contaminant moves from
a source to a human receptor. For example, sulfur dioxide exposure may result
from distinct pathways. It may be generated through the combustion of sulfur-
containing coal, followed by the concomitant release of this gas from the combus-
tion facility and by advection and dispersion in the air. Alternatively, an industrial
process might use sulfurous acid, with the concomitant release of sulfur dioxide at
an individual workstation, exposing the worker directly. These two pathways differ
substantially and require entirely different control strategies to reduce exposure.

Exposure Assessment Methods

Just as there 1s a continuum of a kind from concentration to exposure to dose (see the
previous Perspective), there is a corresponding continuum of exposure assessment
methods. The ideal method would quantify the amount of contaminant reaching the
target organ of interest in each individual of interest, but this is of course not feasible
in most cases. Four broad categories of exposure assessment methods can be identi-
fied: imputing or modeling exposures, measuring environmental exposures, measur-
ing personal exposures, and measuring biomarkers. In general these methods become
increasingly expensive, and increasingly accurate, as one moves along the continuum.
In addition we look at aggregate and cumulative exposure assessment in this section.

Imputing or Modeling Exposures  To impute exposures, scientists use indirect
exposure assessment methods that either forgo direct measurements of the
exposures of interest or employ partial data. For example, in a study of air pollu-
tion exposure, researchers might identify various microenvironments thought to
have relatively homogeneous concentrations and measure those concentrations.
Research subjects could record the amount of time spent in each of the microen-
vironments (or the researchers could estimate this). The scientists would them mul-
tiply the concentrations by the amount of time spent in each microenvironment
and sum the results for an estimate of each subject’s overall exposure. For other
routes of exposure, a similar approach can be used. For example, for ingestion,
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concentrations of selected contaminants can be measured in each of many foods.
A research subject would then record types and amounts of foods eaten, using a
food diary. Summing over all the foods eaten gives the dietary exposure.

An alternative strategy, called exposure scenarios, does without direct meas-
urement. In this strategy, an activity pattern for an individual 1s assumed, perhaps
based on observational data about population activity patterns. Available monitor-
ing data for each activity and location can then be combined with activity data to
model estimates of individual exposures. This approach is less expensive to imple-
ment because no individuals actually have their exposures measured and no specific
activities are recorded. Exposure scenarios are used extensively in risk assessment.

A special case of indirect exposure assessment is the job-exposure matrix,
as described in Chapter Three. Suppose an occupational epidemiologist wants to
study the health effects of silica exposure in a working population, using a retro-
spective cohort approach. Consulting old employment records, the epidemiologist
might identify ten job categories, each with characteristic tasks, and fifteen work-
place zones, each with its own silica concentration. (Historical industrial hygiene
monitoring results may be of use in reconstructing this information and in esti-
mating concentrations in each zone of the workplace.) The epidemiologist then
constructs a job-exposure matrix, with an exposure level assigned retrospectively
to each worker, based on job assignment and location in the workplace. If the
workplace has changed over time, as is typical, then the epidemiologist creates
a job-time-exposure matrix, classifying each worker’s exposure according to job
title, location in the plant, and calendar year. In this fashion the epidemiologist
can impute an exposure profile to each member of the cohort. This method is
often the only available way to assess exposures in retrospective epidemiologi-
cal studies. However, it is painstaking and time consuming, and records are not
always accurate or complete enough to support accurate exposure assessment.

Although less satisfying than direct exposure assessment, these indirect
approaches are often substantially easier to implement, and large populations
can be studied more effectively in this manner. Further, for retrospective studies—
studies for which it is impossible to take measurements—indirect approaches are
the only methods available.

Measuring Environmental Exposures  Direct exposure assessment methods may
occur at an area level or an individual level, as described earlier in the context
of industrial hygiene. An example of environmental measurement is air pollu-
tion monitoring, which is carried out in most major cities. Not only does ongoing
measurement of air pollutants (ozone, NOx [nitrogen oxides], SOx [sulfur oxides],
and particulate matter) help monitor compliance with regulations, it also provides
exposure information that can be used to warn the public of dangerous exceed-
ances, to monitor the success of interventions, and to support health research.
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Measuring Personal Exposures Personal exposure assessment involves outfit-
ting an individual with a monitor that measures exposures during daily activities,
exactly as is done in the workplace. This is most easily visualized for airborne
contaminants. In this case an air monitor collects a sample of the air breathed
by the individual over a period of time and that air sample is analyzed for the
contaminant of interest, either on a real-time or time-integrated basis. Similar
monitors may be envisioned for exposures occurring via the ingestion or dermal
pathways as well, using, for example, duplicate diet sampling or absorbent patches
worn on the skin, respectively. With such direct methods, actual exposures expe-
rienced by an individual can be observed. This is a major strength in accessing
exposure and is generally desirable. However, portable monitors may not exist for
the particular contaminant under investigation, or using the monitor may unduly
influence the activity patterns of the individual, with the result that the activities
monitored are not her or his typical ones.

Aggregate and Cumulative Exposure Assessment The forgoing discussion has
implicitly focused on the simplest of exposure scenarios, namely, the investigation
of asingle contaminant, nominally found in a single environmental medium. The
Food Quality Protection Act of 1996 has expanded this one-at-a-time approach to
exposure assessment by introducing the new concepts of aggregate exposure and
cumulative exposure (also see Chapters Eight and Twenty-Nine). In aggregate
exposure scientists consider simultaneously all routes and pathways that may have
been involved in an exposure to a single compound. Consider the case of an agri-
cultural worker. This worker may receive exposure to a certain pesticide through
both inhalation and dermal exposure at his workplace. This may be compounded
by additional exposure he receives through ingestion of food containing the same
pesticide as a residue from agricultural processes. Further, there may be residual
contamination of clothing that he wore during his work and that he has brought
back to his home. Consideration of only one route and pathway, such as inhala-
tion during agricultural spraying, underestimates his total exposure, perhaps even
substantially. Consideration of all routes and pathways simultaneously—aggre-
gate exposure assessment—is necessary in order to quantify the hazard properly.
Most modern environmental assessments look at aggregate exposure because
each of the multiple routes and pathways may contribute significantly to the total
exposure. This may be less true in occupational settings where exposure through
a single route and pathway is assumed to dominate. However, this assumption can
only be verified through aggregate exposure assessment.

Even more complexity can be envisioned. This is encompassed in the definition
of camulative exposure as aggregate exposure to a series of compounds (or non-
chemical exposures) that affect health through similar mechanisms. The standard
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example of cumulative exposure focuses on exposure to organophosphorus pesticides
such as chlorpyrifos, malathion, and diazinon, which have a common mechanism
of toxicity, namely acetylcholinesterase inhibition. Acetylcholine is a messenger mol-
ecule that aids in the transmission of nerve signals. In a healthy nerve system, acetyl-
choline passes across the nerve synapse, thereby transmitting a nerve impulse, and
is then inactivated by an enzyme called acetylcholinesterase. Organophosphorus
pesticides (OPs) interfere with this process by inhibiting the action of acetylcho-
linesterase, resulting in continued firing of the neuron. All OPs operate by this
mechanism and thus are all to some degree toxic. In order to understand the impact
of exposure to this type of toxic compound, one must consider exposure not just to
a single OP, for example, chlorpyrifos, but rather to all pesticides operating through
acetylcholinesterase inhibition. This is a new way of thinking about exposure and
requires measurement of either all of the compounds simultaneously, or measure-
ment of some effect, such as acetylcholinesterase inhibition, that integrates over
all exposures. As can be easily envisioned, this is a complex process. It can be even
more complex when nonchemical exposures, such as stress or malnutrition, operate,
perhaps compounding the effects of chemical exposures.

This leads us to the next stage of exposure assessment. How can exposure
scientists measure the exposure to a number of compounds, possibly related, at the
same time? Is it best to do this by measuring multiple environmental media for mul-
tiple chemical compounds, or is there a more parsimonious and useful approach?

Measuring Biomarkers Exposure to environmental contaminants requires the
simultaneous presence of a contaminant concentration and a human subject to
receive the exposure. The methods described so far assume that exposure occurs
if these two conditions exist. However, the only way to verify this assumption is to
measure contaminant levels in humans themselves. This is what exposure assessors
do when they use biological markers (sometimes referred to as biomarkers)
of exposure. They sample biological material, such as exhaled breath, urine, blood,
feces, or hair, for contaminants of interest. These samples may be analyzed for the
contaminant itself, called the parent compound, a metabolite, or a biological response
known to reflect exposure. For example, blood lead levels are measured to quantify
lead exposure, levels of urinary cotinine (a metabolite of nicotine) are measured to
quantify exposure to environmental tobacco smoke, and blood carboxyhemoglobin
levels are measured to quantify exposure to carbon monoxide. Pesticide expo-
sure offers another example. Blood samples can be analyzed for organochlorine
pesticide parent compounds to ascertain exposure to this class of compound. For
organophosphorus pesticides, the direct parent compound can be determined in
serum or, alternatively, metabolites produced through hydrolysis, such as dialkyl
phosphates, can be used to infer the magnitude and timing of exposures.
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PERSPECTIVE
Assessing Exposure to Carbon Monoxide

Carbon monoxide (CO) is a colorless, odorless gas that competes with oxygen for
binding sites on hemoglobin. CO binds avidly with hemoglobin, effectively disabling
the hemoglobin’s oxygen-carrying capacity. If enough CO is inhaled, death can ensue
due to asphyxiation.

Although some CO is produced endogenously, environmental exposure to CO
occurs through a single route, inhalation. The pathways are numerous but all involve
incomplete combustion; CO is produced when too little oxygen is present to permit
complete conversion of hydrocarbons and oxygen to carbon dioxide and water. Specific
pathways often associated with the production of CO leading to CO poisoning are
improperly vented combustion appliances (such as gas heaters), improperly vented
gasoline engines (such as automobiles running in closed spaces), and cigarette smoke.

Exposure to CO is easily measured in two ways. Relatively simple air samplers
are available that sample for CO either actively or passively. In active mode, real-time
analyzers can give second-by-second readings of CO concentration. Exposure is deter-
mined by noting the amount of time spent in the location being measured. An alter-
native strategy is to use a biological marker of exposure, the blood concentration of
carboxyhemoglobin, the CO adduct to hemoglobin. Unexposed people typically have
about 1 percent carboxyhemoglobin in their blood due to endogenous production of
CO. Smokers carry a higher percentage, as high as 4 percent, due to inhalation of CO
in cigarette smoke. Symptoms such as headaches are observed in most people with
levels above about 10 percent, and levels above 40 percent are life threatening.

Exposure as defined previously does not tell the full story with respect to car-
bon monoxide’s effects. People in industrial societies are exposed to modest levels

Biomarkers of exposure have important advantages. Detection of a biomar-
ker of exposure proves that absorption of the compound measured (or its parent
in the case of metabolites) has occurred—a conclusion that environmental meas-
urements cannot confirm. Further, biomarkers account for bioavailability. A com-
pound may enter the body through, for example, ingestion, but if transfer across
the gut epithelium is inefficient, the biological significance of exposure is unclear.
Biomarkers overcome this difficulty; in order for the compound to be measured
in the biological medium, it must have crossed the boundary, signaling that the
exposure was “effective” in delivering a dose to the body. Biomarkers integrate
over all routes of exposure. For these reasons, Sexton, Needham, and Pirkle (2004)
have referred to biomonitoring as the “gold standard” for exposure assessment.
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of CO. Regulations are in place to ensure that these levels are kept low enough to
maintain carboxyhemoglobin levels below a threshold at which health could be
affected. However, many scenarios could give rise to the same cumulative expo-
sure. Exposure to 1 ppm of CO for 10,000 hours would give the same exposure
as 10,000 ppm of CO for one hour. However, these two scenarios would yield
completely different effects. The long-term, low-level would cause no problems at
all, while the brief, intense exposure would surely result in death. In addition, the
previous discussion does not address other more subtle characteristics of exposure
and its effects. For example, the establishment of equilibrium between carboxy-
hemoglobin and ambient CO is not instantaneous, nor are the effects. There is a
kinetic component associated with the gas being taken up through inhalation,
crossing the lung epithelial barrier, and then binding with hemoglobin. Moreover,
once ambient concentrations are reduced, there is a similar kinetic component
associated with decarboxylation of hemoglobin, and elimination of CO through
exhalation. Thus although effects may be delayed while concentrations are increas-
ing, the adverse impact of CO may persist for some time after the exposure ends.

This example illustrates the importance of considering the magnitude and
duration of the exposure in estimating effects. Further, it emphasizes the impor-
tance of understanding the toxicology of the effect under investigation. CO binds
reversibly to hemoglobin, albeit with a very long half-life. If only a little CO is
around, a person will still have plenty of hemoglobin left to bind oxygen and
carry it to the cells. However, if there is a lot of CO around and it displaces oxygen
from hemoglobin, then a person may not have enough oxygen being delivered to
the cells and asphyxiation can result. The effect of noninstantaneous uptake and
release of CO from hemoglobin complicates the challenge of proper exposure
assessment further.

The Centers for Disease Control and Prevention have taken a leadership role in
developing and implementing biomarker monitoring in the exposure assessment
and exposure science field (www.cdc.gov/biomonitoring).

The use of biomarkers of exposure is not above criticism, however. The
primary strength of biomarkers as an exposure assessment tool, namely their
ability to integrate over all routes and pathways, is also a major shortcoming. For
example, once a molecule, say a pesticide, 1s in the body and is metabolized, its
source is no longer identifiable. One cannot determine if the exposure came from
inhalation of airborne pesticide, dermal contact with sprays, or through inges-
tion of small amounts found in the food supply. As described in Chapter Thirty,
regulatory responsibility in the United States is partitioned among different
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agencies—the Food and Drug Administration, the Department of Agriculture,
the Consumer Product Safety Commission, the Environmental Protection Agency,
and others—that tend to focus on one or another route or pathway. Because
biomarkers integrate over multiple sources, regulators are hard-pressed to use
them to control exposure.

There are other problems associated with biomarker use in exposure assess-
ment. Often the biomarker of exposure is a metabolite of the parent compound;
this is true of OPs for example. This can result in two problems. First, multi-
ple compounds can yield the same biomarker. For OPs, dialkyl phosphates of
varying structures can result from exposures to many different OP parent com-
pounds that have the same chemical moiety that is being measured. This result
precludes distinguishing among exposures to different OPs that give rise to the
same metabolite.

An additional and somewhat related problem occurs when individuals display
different abilities to metabolize a toxic substance, due to, for example, a genetic
polymorphism. Consider two individuals exposed to identical concentrations of a
parent pesticide. Further, suppose that the parent pesticide is more toxic than the
metabolite used as the biomarker of exposure. And suppose that one person is an
average metabolizer of the pesticide and the other person is a slow metabolizer of
the pesticide. Biomarker levels in these two people would likely be quite different,
despite identical exposures, resulting in misclassification of exposure in at least
one of the people. Further, because we are assuming that the parent molecule is
more toxic than the biomarker, the second person, despite having a lower level of
the biomarker in the urine, likely would experience a greater effect—a misclas-
sification of risk to the individual as well.

Despite these cautions, biomonitoring and the use of biomarkers of exposure
are likely to increase in the future. The information provided by biomonitoring
1s invaluable. Further, development of new biomarkers of exposure is advanc-
ing rapidly, with new, more accurate measures appearing in the literature every
month. Current research suggests that panels of biomarkers, measuring multiple
markers at once, may be able to overcome many of the shortcomings listed here
while giving new and powerful insight into mechanisms of toxicity and control
strategies for exposure (Ryan and others, 2007).

Ingestion and Skin Absorption: Challenges for Exposure Assessment

Much of exposure assessment developed around inhalation exposures. However,
the two remaining principal routes of entry, ingestion and skin absorption, are
important in many circumstances and also pose special challenges for exposure
assessment.
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One approach to assessing ingestion exposure is to collect duplicate
portions of food as eaten and then analyze the food for contaminant levels—
an approach known as a duplicate diet study. Typically, a researcher would
homogenize all of the food eaten, creating a single sample; weigh the sample to
determine total mass; and analyze an aliquot for contaminant content and con-
centration. Multiplication of the concentration in the food by the amount eaten
yields the total amount of material ingested during the time period—the exposure.
(This is not yet a dose because it only measures what was ingested, not what was
absorbed across the epithelial layer, the gut lining,) This straightforward method is
an example of the direct method of exposure assessment described earlier.

In a second approach to ingestion exposure assessment, people are asked to
keep dietary diaries. Simultaneously, the researcher purchases various foods at
local grocery stores and brings them back to the laboratory for analysis. A data set
1s then compiled listing each type of food and its contaminant concentration. The
food diary data set can then be combined with the concentration data set to deter-
mine the amount of contaminant ingested by each study participant. Because the
food actually eaten by the person is never measured, this method is an example of
indirect exposure assessment. This technique 1s quite useful in that food diaries are
much easier to administer than duplicate diet studies and thus can be implemented
on a large scale. Further, fewer food samples have to be analyzed as once all indi-
vidual food items have been assessed, no further analysis is needed. The principal
disadvantage of this method is that the individual food items consumed by the
participants are not analyzed. If the concentrations in those items differ from those
purchased at the grocery store, this causes error in the exposure estimate propor-
tional to the variability in pollutant concentrations in various food items.

Dermal exposures are quite difficult to study. In one method, people are
asked to wear a skin patch that absorbs the material of interest, such as pesticides,
and to carry out activities while exposed to air containing the pesticides. This may
occur for research purposes in a laboratory setting, with known concentrations
of pesticide in the air, or it may occur in actual exposure situations. Either way,
the patches are removed from the person’s skin following exposure and analyzed
for pesticide concentration. Knowing the size of the patch relative to the total
exposed skin surface, one can estimate overall skin exposure. A second method
uses cadaver skin. Pesticide is placed on one side of the cadaver skin and the pen-
etration of the material through the skin surface is measured.

Each of these techniques has limitations. Experimental use of the patch
method is contrived and offers little insight about real-world exposures. Use of
the patch in the real world, however, suffers in that many exposures are below the
detection limit of the analytical process yet still will incur the large costs associ-
ated with analysis. Although of interest, the cadaver skin method measures dose
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and provides little information on exposure. Further, cadaver skin may not act

the same way living skin does with a given exposure level, calling into question

the dose determination.

SUMMARY

Industrial hygiene, the anticipation, rec-
ognition, evaluation, and control of work-
place hazards, presents a paradigm for the
study of the more general discipline of
environmental exposure assessment. Many
of the tools of industrial hygiene are eas-
ily transferable to environmental exposure
science, but this science requires some
new tools as well. The four-step paradigm
must be integrated into the community set-
ting. Sampling strategies, compliance with

KEY TERMS
active sampling concentration
acute exposure control

monitoring protocols, and field implemen-
tation are often more difficult in commu-
nity exposure assessment studies than in
workplace studies, and they call for statis-
tical sampling techniques more commonly
found in epidemiological studies. Exposure
science 18 a rapidly growing area, ripe for
contributions from professionals in many
areas of environmental health. Research
and professional practice will continue to
grow for the foreseeable future.

exposure scenarios

exposure science

administrative strategies
aggregate exposure
anticipation

area sampling
biological markers
biomarkers

biological monitoring
biomonitoring
biological sampling
biologically relevant dose
chemical hazard

chronic exposure

cumulative exposure
dermal exposure
direct reading instruments
dose

dose rate

duplicate diet study
duration of exposure
environmental hazard
evaluation

exposures

exposure assessment

exposure pathway

frequency of exposure
health hazard

indirect exposure
assessment

industrial hygiene
ingestion exposure
inhalation exposure
1solation

job-exposure matrix
magnitude of exposure
modeling of exposures

passive sampling



EXPOSURE ASSESSMENT, INDUSTRIAL HYGIENE 135

peak concentration recognition subchronic exposure

personal protective safety engineering substitution
equipment safety hazard target organ dose

personal sampling sample collection ventilation

physical hazard instruments walk-through

protective devices

DISCUSSION QUESTIONS

1. The challenges exposure assessment faces in the community setting are differ-
ent from those found in the workplace setting. What are these differences?

2. Exposure assessment is essential to environmental epidemiology. Do you
agree or disagree with this statement? Explain your answer.

3. Biomarkers of exposure offer many advantages over environmental sampling,
What are these advantages?

4. Biomarkers of exposure may function very differently in the age of genomics.
Do a literature search on the role of genetic polymorphisms in interpreting
biomarker data, and summarize your findings.
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KEY CONCEPTS

B Environmental psychology expands the scope of environmental health by con-
sidering health and behavior in their sociophysical context.

B Environmental psychology emphasizes both environmental hazards and environ-
mental conditions that can promote good health.

B Environmental psychology considers both objectively measurable environmental
conditions and subjective perceptions of the environment.

B Environmental psychology considers both immediate and remote environmental
conditions, the cumulative effect and interaction of different environments over
time, and the interaction of objective and subjective factors.
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NVIRONMENTAL psychology focuses on behavior in its sociophysical

context. The field of environmental psychology assumes that a dynamic

and reciprocal relationship exists between individuals and groups and the
environments in which they live, work, play, learn, recreate, and travel (as dis-
played in the Perspective “A Trio of Tripping Pedestrians”). To an environmental
psychologist, environmental health and well-being are the result of an appropriate
and supportive fit between an individual or group and the places and people with
whom they interact as they go about their lives.

PERSPECTIVE
A Trio of Tripping Pedestrians

Pat tripped first. She had stepped off this curb hundreds of times, and if you’d
asked her, she would have told you that it was a little higher than the normal curb.
But today she’d been seriously distracted—she was deeply involved in a conversa-
tion with her boyfriend who had asked her to marry him the night before.

Joe stumbled next. He was new to the big city. He had been gawking at the
fast-moving traffic, tall buildings, and rushing throngs on their way to work. In
the quiet suburbs where he lived, there weren’t many pedestrians, and the curbs
were all exactly the same height.

Mark was the last to stumble. He considered himself an excellent athlete but
had twisted his ankle last night sliding into second base, trying to stretch a single
into a double in the recreational softball league, and was using one of his father’s
canes this morning. He didn’t misgauge the height of the curb—he planted the
cane awkwardly in the street and almost lost his balance.

The street maintenance workers watching these behaviors concluded that the
curb was unsafe and needed modification because it was a public health hazard.

Environmental psychologists study the myriad ways in which sociophysical
contexts affect the behavior and health of individuals and groups. The con-
textual factors involved may include the kind of dwelling in which an individual
resides, social and physical aspects of his or her neighborhood, and features of his
or her commute between home and work. But environmental psychology is about
more than objective descriptions of these factors. An individual’s perceptions or
feelings about each of these factors are likely to have an important bearing on his
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or her emotional and physical well-being, and these perceptions and feelings are
also within the province of environmental psychology.

Environmental psychologists approach contexts as holistic, complex, naturally
occurring, time-dependent entities. Moreover, they view the social and the physical
dimensions of settings as highly interdependent (hence the term sociophysical envi-
ronment) and as jointly influencing an individual’s psychological and physical well-
being. In contrast to traditional to public health, environmental psychology focuses
on all those factors that might influence an individual’s health, including aspects of
the physical and ambient environments, social relationships, and anything else that
might result in environmental stress. A more encompassing term, environment and
behavior studies (EBS), is sometimes used to refer to this field (Stokols, 1995).

This chapter explores key concepts, methods, and findings in the field of envi-
ronmental psychology and their relevance to environmental health. The following
approaches are typical of the field of environmental psychology:

*  Research in the field of environmental psychology is centrally concerned
with the behavioral, emotional, and health outcomes of people’s transac-
tions with their everyday environments (or settings). These environments may
include residential, occupational, educational, recreational, public, and vir-
tual places (Barker, 1968; Bechtel, 1997; Gifford, 1997; Proshansky, Ittelson,
and Rivlin, 1976; Stokols and Montero, 2002).

*  Research in this field favors naturalistic field studies over controlled labora-
tory experiments.

¢ Environmental psychology emphasizes a multidisciplinary perspective, incor-
porating ideas from all the branches of psychology, environmental design
(architecture, landscape architecture, interior design, and urban planning),
geography, sociology, human ecology, natural resources management, gov-
ernment, and public health.

*  Environmental psychologists study behavioral and health outcomes in rela-
tion to both the objective features and the subjective meanings of built and
natural environments.

*  Environmental psychology focuses on users. A user is anyone who comes in
contact with, is affected by, or interacts with a context.

*  Environmental psychologists examine behavior within relevant time intervals.
These events have naturally occurring beginnings and endings, and the rela-
tionship between contextual factors and health conditions and outcomes can
change during the course of an event (Altman and Rogoff, 1987; Clitheroe,
Stokols, and Zmuidzinas, 1998).

*  Environmental psychologists emphasize a holistic and longitudinal approach
to understanding the environment’s impact on individuals; that is, they
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consider the effects of multiple settings and contextual factors over time and
these factors’ cumulative or joint influences on health.

The field of environmental psychology has always been committed to under-
standing and responding to important societal issues, including public health.

The field of environmental psychology thus offers a valuable reservoir of

conceptual insights, methodological tools, and empirical findings for broadening

the scope of environmental health practice and assisting it in becoming even more

relevant to the present and future concerns of the field of public health.

PERSPECTIVE
The Trio of Tripping Pedestrians Revisited

Pat’s, Joe’s, and Mark’s well-being was apparently threatened by a curb. But was
this an accurate conclusion? Pat had stepped off that curb successfully hundreds of
times; her well-being was in fact threatened this morning by a lack of attention that
had nothing to do with the physical setting. Joe’s well-being was threatened by
his being a first-time visitor to the big city—in environmental psychological terms,
by his lack of an adequate cognitive schema describing a dense urban setting and
his status as a first-time way finder. Mark’s health had already been affected by his
recreational escapades of the night before. His stumbling had nothing to do with
the curb but rather with his temporary disabled status and inability to plant the
cane tip firmly in the street. The environmental psychologists who had also been
observing this behavior had chosen to observe the interaction between the setting
and its users from a distance, so that they wouldn’t affect the natural interaction
occurring in the context. They concluded that the curb at this location was not
really the problem but that modifying it and adding wheelchair-accessible, curb-
cut ramps would facilitate safer interactions between the curb and all its users.

EXPANDING THE PERSPECTIVE OF ENVIRONMENTAL

HEALTH

The field of environmental health has focused largely on the deleterious effects
of people’s exposure to toxins, pathogens, radiation, and other hazardous condi-
tions of the physical environment (Detels, McEwen, Beaglehole, and Tanaka,
2002; Koren and Bisesi, 2002; Yassi, Kjellstrom, de Kok, and Guidotti, 2001).
Environmental psychology is more broadly concerned with conceptualizing,
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measuring, and evaluating complex environmental settings such as buildings,
neighborhoods, and public places and the ways these settings influence behavior,
health, and well-being. Environmental psychologists consider health to be more
than the absence of illness or injury and to include both physical and psychologi-
cal well-being, or wellness.

The field of environmental health began to expand beyond its long-standing
concern with the negative health effects of physical hazards, toxins, and patho-
gens at the same time the field of environmental psychology began to emerge
as a viable discipline—in the turbulent social change and expanding ecological
awareness of the 1960s. During this period, for example, Cassel (1964, 1976)
urged public health researchers to give greater attention to the crucial role of
social relationships in moderating individuals’ resistance to hazardous environ-
ments. Cassel’s research signaled a shift from germ theory accounts of health and
illness (focusing on the adverse effects of specific pathogens once they invaded a
human host) toward a social epidemiological model of public health and disease
prevention, one that studies social determinants of health as well as physical and
biological determinants.

During the 1980s, Lindheim and Syme (1983) reiterated Cassel’s call for
greater emphasis on social factors in health and highlighted the joint influence
of multiple environmental dimensions (that is, the natural, social, symbolic, and
built environments) on emotional and physical well-being. More recently, Frumkin
(2001; see also Chapter Twenty-Four) described the “greening of environmen-
tal health” and underscored the importance of documenting the positive health
outcomes associated with people’s exposure to natural landscapes and wilderness
settings. He has also identified several facets of healthy places and cited evidence
suggesting that individuals’ sense of place substantially affects their mental and
physical well-being (Frumkin, 2003).

These and other efforts among researchers to broaden the scope of the field
of environmental health reflect a convergence with some of the basic principles
and themes of environmental psychology—especially an emphasis on salutogenic
as well as pathogenic processes (Antonovsky, 1987) as they occur in relation to
natural as well as built, social as well as physical, and subjective as well as objec-
tive dimensions of human environments (Bechtel and Churchman, 2002; Stokols
and Altman, 1987).

The Sociophysical Context of Health

Environmental psychology assumes that the health effects of our surroundings
result from the confluence of a variety of contextual factors. The negative health
effects of routine exposure to residential density and noise, for example, are more
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severe in poor households than in affluent ones due to the cumulative effects of
multiple environmental stressors faced by low-income families (Evans, 2004). Iield
experiments, similarly, have shown that persons exposed to cold viruses are much
more likely to develop cold symptoms when they are experiencing high levels of
stress in one or more areas of their lives (for example, in their relationships with
family members, friends, or coworkers) than when they are reporting low levels
of chronic stress (see, for example, Cohen and others, 1997a, 1998).

Clearly, a large number of life circumstances can affect the ways in which
people respond to particular environmental demands. Yet identifying the many
contextual factors that influence a person’s health is a dauntingly complex task
due to the large number of settings in which individuals participate on a day-
to-day basis and the diverse physical and social factors they encounter in each
setting. Moreover, each of these environmental factors can be considered in rela-
tion to diverse health criteria, ranging from the absence of physical injury and
illness to states of complete wellness reflected in exceptionally high levels of emo-
tional, physical, spiritual, and social well-being (O’Donnell, 1989; World Health
Organization, 1986, 1997).

In establishing a basis for mapping sociophysical contexts of health, it is use-
ful to begin by identifying a relatively small number of analytical categories, each
of which subsumes a much larger set of environmental variables (Clitheroe and
others, 1998; Magnusson, 1981). The basic units of environmental analysis are
arrayed on different levels, or scales, ranging from specific stimuli that are part of
the situations immediately experienced by persons in a particular setting or place
(for example, being stuck in rush hour traffic, with horns honking and tempers
flaring) to more complex life domains (for example, residential, employment, and
educational environments) that are themselves clusters of multiple situations
and settings (Table 5.1).

Stimuli are defined as observable features of objects or discrete condi-
tions in an environment, such as the color of a table, the temperature level in a
room, a sudden flash of light, or the occurrence of a loud noise (Pervin, 1978).
Situations are sequences of individual or group activities and events that occur
at a particular time and place (Forgas, 1979). Settings are socially structured
and geographically bounded locations where certain kinds of activities and
events recur on a regular basis—for example, the college classroom to which one
reports for a particular course at the same time each week or the favorite coffee
shop one visits several times each month for a mocha Frappuccino (Barker, 1968;
Schoggen, 1989; Stokols and Shumaker, 1981). Life domains are larger, more
encompassing spheres of a person’s life, such as all those activities, relationships,
and settings that involve family, education, religion, recreation, or employment
(Gampbell, 1981). An even broader unit of contextual analysis can be defined,
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TABLE 5.1 Levels of Environmental Analysis

Elemental Water, air, earth, food, germs, physical substances, solids, gases, liquids.
Individual An individual’s (1) body and physical, perceptual, and cognitive abilities,

and (2) intellectual abilities, personal beliefs, values, attitudes, emotions,
memories, and experiences.

Stimuli Discernible (by any sense) features of an environment that cause a
personal perception or physical or psychological reaction, or both.

Situation Sequences of individual or group activities and events that occur at a
particular time and place—these may be unique or may occur at regular
intervals.

Setting Socially structured and geographically bounded locations where certain
kinds of activities and events recur on a regular basis.

Life domain Spheres of a person’s life that encompass multiple situations and
settings, for example, home, work, or school.

Societal Overarching systems of beliefs and values, social and cultural norms,

and social, political, and economic institutions that integrate life
domains for large groups of people.

usually referred to as a person’s overall life situation, that encompasses all the
major life domains in which the individual is involved during a particular period
of his or her life (Chapin, 1974; Magnusson, 1981; Michelson, 1985).

Altman and Rogoff (1987), in a seminal book chapter, describe four different
“world views” in psychology: trait, interactional, organismic, and transactional.
A trait worldview tries to understand and predict the enduring, consistent
features of physical settings and people as individual factors. Most scientific dis-
ciplines start with this worldview by describing the basic units that will constitute
their scope of interest. An interactional worldview posits stable relation-
ships among traits and proposes basic “laws” that describe these relationships.
In this worldview, once basic units are defined, scientific inquiry begins to look
for simple and then increasingly complex relationships between these basic fac-
tors. An organismic worldview tries to understand larger, more complete,
more complex aggregates of factors (for example, a community or a geographic
region), acknowledging that these factors may change or evolve over time. In
this worldview, after enough relationships among basic units are identified and
explored, scientific inquiry begins to assemble holistic, complete models of the
phenomena being considered. A transactional worldview proposes that
the factors that affect behavioral phenomena are part of a constant, dynamic,
reciprocal milieu. In this approach it becomes necessary to define a relevant
period of time that includes the phenomena of interest. Altman and Rogoff
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propose that a transactional worldview attempts to understand the world around
us as a series of “events”: a confluence of social and environmental factors with
a natural beginning and a natural ending point in time. A good example of a
smaller, more contained event is a localized epidemic. A good example of a very
complex, large-scale event is the preparation for and response to a natural disaster,
such as Hurricane Katrina.

Implied in a transactional approach to understanding natural disasters i3 that
no two disasters are alike; they will differ in location, duration, warning, force,
extent of damage, response, and impact. Thus it is important to learn from each
event by understanding it as completely as possible and applying what is learned
to potential contexts for future similar disasters. (An in-depth examination of

PERSPECTIVE
Hurricane Katrina: A Transactional Event

Assessments of the impact of Hurricane Katrina are uniformly bleak. As one com-
mentator put it, “Katrina did not merely lay waste to a geographic region [Figure
5.1]; it also exposed every public policy failure essential to community and popula-
tion health” (Rosenbaum, 2006). Why was the failure so endemic? Environmental
psychologists would propose that the planning and preparation for natural disasters
in the New Orleans area had been conducted at an interactional or possibly organ-
ismic level, whereas a hurricane is best conceptualized as a transactional event. The
event that was Hurricane Katrina had three parts: (1) awareness and preparation, (2)
immediate response, and (3) aftermath.

Environmental psychology can contribute a more comprehensive approach to
understanding each phase of this event. Concepts that could be usefully applied
to the entire event include sense of place (the unique characteristics of a place
and the feelings or perceptions a place evokes in people) (Relph, 1976), place
attachment (emotional bonding between people and their life spaces) (Stokols &
Shumaker, 1981), and contextual transformation (sudden and dramatic con-
text changes, resulting in fundamental behavior modification) (Clitheroe and others,
1998). The awareness and preparation phase focuses on risk perception and com-
munication (Vaughan, 1993) and attitude change (Fishbein and Ajzen, 1975). The
response phase focuses on the use of common setting features as “affordances”
(possibilities for action that are latent in an environment) (Gibson, 1977) and that
could prove useful during the immediate response. The aftermath phase focuses on
environmental and psychological stress (Evans and Kantrowitz, 2002); individual,
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the event that was, and continues to be, Hurricane Katrina is beyond the scope
of this chapter. Among those beginning to explore this tragic event in detail are
Rosenbaum, 2006, and Brunsma, Overfelt, and Picou, 2007.)

Three Principles of Contextual Analysis

Three basic principles of contextual analysis are common to environmental
psychology:.

1. The relationship between environment and health is influenced by interdependencies
among tmmediate situations, immediate settings, and more remote environmental conditions.

FIGURE 5.1 Destruction Following Hurricane Katrina

Source: FEMA/Marvin Nauman.

family, and community adaptation; and helping behavior norms and exceptions
(Baum and Fleming, 1993). The aftermath phase of the 2005 Hurricane Katrina
event is, unfortunately, ongoing.
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Stimuli and situations are nested within larger units such as organized settings
and places that are themselves subsumed by individuals’ life domains, community
activity systems, and societal conditions and trends (in, for example, economic,
political, or cultural arenas). As environmental analyses shift their focus from
smaller and simpler to larger and more complex levels, the potential range of
contextual influences on mental and physical health expands dramatically due to
the hierarchically nested structure of human environments.

For instance, when unemployment rates in a community are high, psychologi-
cal and organizational stress associated with job insecurity is more prevalent and
disruptive among coworkers at companies in that region (Dooley, 2003; Dooley,
Fielding, and Levi, 1996). At the same time, workplace health and safety at the
local level are directly influenced by state and national regulations aimed at pro-
tecting environmental quality and employee health (Stokols, McMahan, Clitheroe,
and Wells, 2001). A more dramatic and tragic example of the interdependencies
between local and remote environments is the syndrome of chronic emotional
stress and health impairment triggered by the terrorist attacks of September 11,
2001, not only among Americans residing in or near New York City, Washington,
D.C., and Shanksville, Pennsylvania, but also among those living hundreds or
thousands of miles away from the attack sites (Silver and others, 2002). These
examples suggest a second principle of contextual analysis.

2. The different environments in which an indiwidual participales exert a cumulative,
synergistic effect on his or her health.

Bronfenbrenner (1979) emphasized the ways in which functional linkages
between two or more settings (such as an individual’s family and occupational
environments) and connections with other more distant settings in which an indi-
vidual does not directly participate (for example, the workplaces of a child’s par-
ents) can affect development and well-being. Such multilevel, integrative analyses
can identify subtle relationships affecting health (for example, stressful experi-
ences at work that impair the quality of parents’ interactions with their children
at home). Particularly important in a world of expanding communication and
entertainment media is Bronfenbrenner’s concept that the overarching societal
system of beliefs, social and cultural norms, and political and economic institu-
tions and events surrounding individuals and groups also influences the health
and well-being of those individuals and groups. (This relates to the concept of
cumulative risk assessment, as discussed in Chapter Eight.)

The combined influence of multiple settings and life domains on individuals’
health has been observed in several studies and is recognized in the third general
principle of contextual analysis.

3. Health is the result of an interaction among the objective features of the environments
in which individuals participate, individuals’ perceptions of those features, and individuals’
personal attributes.
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That is, the impact of particular stimuli, situations, settings, and life domains
on a person’s health depends not only on the objective features of an environment
but also on the person’s individual attributes (for example, genetic heritage, psy-
chological dispositions, and coping resources) and on his or her subjective inter-
pretation of the environments in which he or she participates. For instance, when
children are exposed to environmental stressors such as crowding and noise in
both their home and school environments, these exposures cause additive effects
on their health (for example, elevated systolic and diastolic blood pressure) and
academic performance (Cohen, Evans, Stokols, and Krantz, 1986). In other stud-
ies, employees’ perception that they lacked the flexibility to schedule children’s
doctor visits during working hours led to their underutilization of employer-
provided family health benefits (Fielding, Cumberland, and Pettitt, 1994), with
long-term negative health consequences for the family. Studies have also docu-
mented both the negative health consequences of work-family conflict and the
positive effects of spousal support in buffering work-related stressors (O’Neil and
Greenberger, 1994).

More precise hypotheses about the links between environmental factors and their
effects on health can be derived by developing and testing more specific theories
of the relationship between persons and their environment that identify (1) those
situations and settings in a person’s life that have the greatest impact on his or
her health and (2) the ways in which personal attributes or individual differences
(involving, for example, personality, cognition, gender, age, education, or income)
mediate the effects of environmental conditions on emotional and physical well-
being. These are examples of applying an interactional worldview.

Understanding these multiple settings and environments and their interaction
constitutes a daunting research challenge. It requires data on individuals nested
within areas or neighborhoods (Diez Roux, 2001). Analytical methods able to
assess these complex relationships are emerging from the fields of environmental
health (multilevel analysis), urban planning (geographic information systems, or
GISs), and the behavioral sciences (hierarchical linear analysis).

HEALTH EFFECTS OF THE CHANGING NEIGHBORHOOD

The neighborhood is an especially appropriate context in which to consider
the links between environment, behavior, and health, for at least three reasons.
First, the neighborhood is a sufficiently broad contextual unit to encompass a
variety of stimuli, situations, settings, and life domains relevant to health. Second,
the concept of neighborhood is not peripheral to people’s day-to-day activities
and concerns but plays a central and meaningful role in determining individuals’
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physical and psychological well-being and quality of life. And third, although the
neighborhood has been long regarded as a geographically, psychologically, and
socially meaningful unit of analysis in the fields of sociology, public health, plan-
ning, and community and environmental psychology, the concept of neighbor-
hood is currently undergoing fundamental rethinking and change among scholars
in several fields due to the advent of digital and mobile communications.

A person’s neighborhood is no longer viewed simply as a contiguous, geo-
graphically delimited, relatively stable arena of his or her daily activities. People
now participate concurrently in multiple, separate, and sometimes isolated geo-
graphically defined places and in a number of independent socially defined net-
works. Some of these places and networks are real (involving a physical space
or place), and others are less real (involving a virtual space) and more mobile.
Thus consideration of contemporary changes in the structure and functions of
the neighborhood offers an opportunity to explore exciting new lines of research
concerning the impact of digital communications and virtual communities on
people’s psychological attachment to places and their overall well-being (see, for
example, Blanchard and Horan, 1998; Meyrowitz, 1985; Stokols, 1999; Wellman
and Haythornthwaite, 2002).

Traditional definitions of neighborhood emphasize geographic location,
unique physical features (such as architectural styles and public parks), the social
attributes of residents, and residents’ objective participation in and subjective
identification with the area (Altman and Wandersman, 1987). For instance, Rivlin
(1987) states:

When we speak of contemporary neighborhoods, we are talking about a very
heterogeneous unit based on the nature of the geography, the numbers and
kinds of people there, the socioeconomic status of these people, their ages, cul-
tural background, and housing form. . . . The criterion of a neighborhood is the
acknowledgment by residents, merchants, and regular users of an area that a
locality exists. It presumes some agreement on boundaries and a name and the
recognition of distinguishing characteristics of the setting. . . . The recognition
by people of a bounded territory as having an integrity and personal meaning
is, in my view, the necessary requirement of a neighborhood [pp. 2-3].

Researchers are, however, beginning to recognize that neighborhood contexts
may be related to public health in ways independent of place-based attributes
(Diez Roux, 2001). According to this emerging view, people’s communications and
relationships with others are no longer constrained by geography but occur instead
within highly personalized digital communication networks unbounded by space
and time (Negroponte, 1995; Rheingold, 1993). For instance, Wellman (2001)
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observes that the “importance of a communication site as a meaningful place will
diminish even more. The person—mnot the place, household, or workgroup—
will become even more of an autonomous communication node” (p. 233).

In this discussion, rather than adopting either the traditional view that local
neighborhoods are the most important context of people’s day-to-day transactions
with their surroundings or the revisionist view that place-based neighborhoods are
no longer important sources of community and well-being, we offer an integra-
tive conceptualization of neighborhood. It recognizes the complementarity of
geographically bounded and virtually dispersed neighborhood functions.

Specifically, we define the new neighborhood as consisting of those people,
places, and technologies that enable the sociophysical interactions that define
everyday life. This definition assumes that people’s psychological ties with local,
place-based environments are an important source of their identity and well-being
(Proshansky, Fabian, and Kaminoff, 1983; Unger and Wandersman, 1985), but it
also recognizes that the number and scope of individuals’ psychologically mean-
ingful neighborhoods (such as those based at home, at school, at work, or in public
community settings) have expanded and that in addition to being linked by physi-
cal proximity individuals can now be closely linked with each other through the
Internet and mobile digital communications (Brill and Weidemann, 2001; Wellman
and Haythornthwaite, 2002). This emerging view of neighborhoods incorporates
both the real and the virtual aspects of an individual’s or a family’s experience of
neighborhood, both of which respond to the same basic human needs (Table 5.2).

TABLE 5.2 Functions of Both Real and Virtual Neighborhoods

Affiliation Facilitate communication and interaction between individuals and groups.

Identity Provide a definable group character (name, style, real or virtual
landmarks) for assimilation by individuals and an opportunity to
contribute to the development of that character and to the individual’s
own self-concept.

Social support  Offer psychologically reinforcing interactions between individuals or
within groups.

Community Offer a connection to the opportunities provided and demands made by
larger social units.

Information Provide awareness of and access to information the individual finds
essential to successful daily life and the accomplishment of personal
goals.

Daily life Assist with the basics: acquisition and maintenance of food, shelter,
safety, convenience, and comfort.

Recreation Supply opportunities to physically or mentally refresh, to play, to

explore, to challenge oneself, to learn and grow.
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Features of Neighborhoods

A person’s neighborhood includes all those physical and virtual settings he or she
uses regularly. Some of these settings are located inside buildings, some are located
outdoors, and some are virtually located in cyberspace. Virtual neighborhoods
arise when people routinely communicate and congregate electronically, with no
need for a physical, geographically defined place in which to come together. The
following discussion of neighborhood settings presents several examples of environ-
mental psychology’s concepts and research that describe contextual factors related
to public health. We start with physical settings and conclude with virtual ones.

Indoor Neighborhood Settings  Indoor neighborhood settings include dwellings,
classrooms, workspaces, indoor recreation facilities, places for socialization, places
for worship, and local commercial settings such as markets, shops, and restau-
rants. Physical characteristics include building design and furnishings, entrances,
exits, and windows. Ambient conditions include lighting, air quality, temperature,
humidity, sound, and color. Social conditions include the solitary individuals or
groups who use or in some way interact with a place.

Environmental stress is any demand made on an individual by an envi-
ronment (physical or social). Thus environmental stressors may be considered
stimuli, requiring a physical or psychological response. Pioneering work by Selye
(1956) defined the physiological response to injury, illness, or other environmen-
tal stressors: elevated blood pressure, enlarged adrenal glands, both increases
and decreases in gastrointestinal secretions and motility, and impaired immune
function. Psychological stress can occur when perceived environmental demands
exceed the individual’s perceived ability to cope with them. Such stress may be
caused by experiences of isolation, irritability, or interpersonal conflict. The indi-
vidual’s subjective interpretation of an environment (for example, whether or not
its demands seem overwhelming or manageable) plays a major role in determin-
ing the severity and persistence of psychological stress reactions.

Research on environmental stress has shown, for example, that chronic exposure
to high levels of noise leads to a variety of health impairments. For instance, when
children living in noisy dwellings near congested roadways or attending schools
under the flight path of a busy airport (Figure 5.2) were compared to children occu-
pying quieter environments, chronic noise exposure was found to be associated with
impaired hearing and reading skills, lower levels of academic achievement, and ele-
vated blood pressure (Bronzaft, 2002; Cohen and others, 1986; Cohen, Glass, and
Singer, 1973; Evans and others, 2001; Hygge, Evans, and Bullinger, 2002). Similarly,
prolonged experiences of crowding in dormitories, apartments, and homes have
been linked to dysfunctional social behavior, feelings of i1solation, and emotional dis-
tress (Baum and Epstein, 1978; Baum and Valins, 1977; Evans and Lepore, 1993).
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FIGURE 5.2 Airplane Coming In for Landing over
an Elementary School in Los Angeles

One of the reasons why noisy or crowded interior spaces provoke psychologi-
cal stress among their occupants is that they typically lead to prolonged feelings
of stimulation overload, distraction, frustration, and fatigue (Baum and Epstein,
1978; Evans and Johnson, 2000; Milgram, 1970). In settings with large numbers
of people (spatially dense settings), an additional source of psychological stress is
the difficulty occupants encounter in their efforts to regulate interpersonal privacy
and personal space (Altman, 1975; Sommer, 1969). Coresidents and coworkers
who are able to establish and maintain effective guidelines for the use of shared
spaces (for example, through personalization and decoration of spaces in a shared
residence or workspace) are better able to remain individually and collectively
productive and to avoid interpersonal conflict and distress (Brill and Weidemann,
2001; Sundstrom and Sundstrom, 1986; Taylor, 1988).

To the extent that individuals can gain some measure of real or perceived
control over environmental stressors such as noise, crowding, and infringements
on privacy, they are able to avoid both the immediate and delayed effects of these
stressors on their performance and well-being (Cohen, 1980; Evans, 2001; Glass
and Singer, 1972). Perceptions of environmental controllability and predictability
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enable individuals to maintain high levels of emotional and physical well-being,
even in the context of highly demanding settings. For instance, elderly persons
living in institutionalized residential care facilities who were encouraged by staff
members to take personal responsibility for the maintenance and beautification
of their own living spaces (for example, by caring for plants placed in their bed-
rooms) exhibited higher levels of emotional and physical well-being than those
who were not encouraged to assume those responsibilities (LLanger and Rodin,
1976; Rodin and Langer, 1977; also see Schulz and Hanusa, 1978).

Outdoor Neighborhood Settings  Just as physical conditions such as noise and
high spatial density influence the quality of social interactions indoors, an inter-
dependence between physical and social conditions is evident in outdoor spaces
(Alexander and others, 1977; Altman, 1975). For instance, loud noise (at or above
85 decibels) from a lawnmower operating near the sidewalk in a suburban neigh-
borhood significantly reduced pedestrians’ attentiveness to the needs of others
(spectfically, to the needs of a person wearing an arm cast who had dropped a
stack of books near his car) and their willingness to stop and render assistance
(Mathews and Canon, 1975).

In another study the linear distance between the front doors of apartments
in a Massachusetts Institute of Technology student housing complex (a physi-
cal dimension) reliably predicted which residents happened to meet each other
and eventually became friends (Festinger, Schachter, and Back, 1950). Moreover,
neighbors whose apartments were further apart but who met regularly at group
mailboxes, a basketball court, or in the parking lot (social dimensions) were more
likely to form friendships than those who lived far apart and did not “run into”
each other regularly.

The influence of sociophysical environmental factors on friendship formation
has important health implications. Most immediately, the presence of friends who
live close by and can render assistance when called upon improves the sociability,
or social climate, of the neighborhood (Moos, 1979). A positive social climate is
in turn seen as a form of social capital and can contribute to residents’ percep-
tions of security and neighborhood safety (Putnam, 2000). Other research sug-
gests that socially isolated individuals are more susceptible to illnesses of various
kinds—even premature death—than are those who are actively involved in mutu-
ally supportive friendship, family, religious, and professional networks (Berkman
and Syme, 1979; Cohen and others, 1997h, 2003).

The sociability of neighborhoods can be undermined by the presence of
physical and social incivilities. Physical incivilities include the presence
of litter, graffiti, protective bars on windows, evidence of street disrepair (for
example, broken curbs and potholes), poor building and exterior maintenance
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(for example, peeling paint, unkempt yards, and overgrown landscaping), and
damage to buildings (for example, broken windows) (Nasar and Fisher, 1993;
Perkins, Wandersman, Rich, and Taylor, 1993). Social incivilities include dis-
plays of public drunkenness, the presence of gangs or prostitutes, excessive num-
bers of liquor stores, stores offering pornography, and a generally unfriendly or
threatening atmosphere in the neighborhood (Holman and Stokols, 1994).

One consequence of environmental incivilities is the stigmatization of a
neighborhood, accompanied by reduced social and economic investment in the
area, greater fear of crime, and higher rates of victimization and injury among
residents and visitors. Neighborhoods, such as South Central Los Angeles, that
have experienced widely publicized civil violence are particularly prone to this
downward spiral of stigmatization, disinvestment, and crime. Concerted efforts
to remove physical cues such as disrepair and to encourage the development of
prosocial events, including street and cultural fairs, drama or music festivals, and
community gardening programs, can reverse this negative trend (Garland
and Stokols, 2002; Lewis, 1979).

Other architectural and site-planning strategies can be applied to create
outdoor spaces that enhance the social climate and security of residential and
commercial areas. Defensible space (Newman, 1973) refers to those features
of an environment that “combine to bring it under the control of its residents”
(p. 3). For instance, apartment buildings can be sited on blocks so as to create
natural buffer zones easily surveyed by residents, and apartment windows can be
positioned to facilitate surveillance of semipublic areas adjacent to the building.
Changes in elevation, landscaping, and signage also can be used to mark transi-
tions between public and private areas (Alexander and others, 1977). In a study
of Salt Lake City neighborhoods, Brown (1985) found that homes characterized
by defensible space design (for example, the presence of actual or symbolic bar-
riers such as fences or hedges surrounding the property and physical traces of
residents’ presence (such as lights on in the home) were less likely to have been
burglarized than were residences lacking those features. This body of environ-
mental psychology research has become institutionalized in the form of guidelines
promoted by police departments and adopted by cities and counties throughout
the United States (Newman, 1966).

Neighborhoods as Wholes A neighborhood can be described not only in terms
of buildings, sidewalks, open areas, parks, shops, and streets but also in terms
of larger factors that contribute to its distinctive identity or overall atmosphere
(Ittelson, 1973). Tor instance, Lynch (1960) defines imageability as an environ-
ment’s memorability, its capacity to evoke strong visual memories of its physical
features among residents and visitors. According to Lynch, the likelihood that an
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environment will evoke a vivid image in an observer depends on its visual clar-
ity, or “legibility—the ease with which its parts can be recognized and organized
into a coherent pattern” (p. 3). The imageability and legibility of a place derive
not only from its physical features but also from social meanings. In a study of
Parisians’ cognitive maps, Milgram and Jodelet (1976) found that certain areas
of the city were remembered more for their social and historical meanings than
their distinctive physical or visual attributes.

Both the social and the physical imageability of a neighborhood can affect
the well-being of residents and visitors in at least two ways. First, visually leg-
ible environments are less confusing and easier to navigate than others, enabling
pedestrians and drivers to feel more secure, to arrive at their destinations more
efficiently, to enjoy their experience of the neighborhood, and to avoid potentially
unsafe areas; these are all experiences that decrease environmental stress. Second,
the presence of widely recognized and shared cultural or symbolic meanings
can contribute positively to the sociability and supportive climate of a place,
thereby increasing social capital and promoting norms of cooperativeness, trust,
and engagement with others (see, for example, Putnam, 2000) while also reducing
crime rates and fear of crime in the area. All of these factors contribute to the
health of the neighborhood and of the people who live, work, and play there.

An important neighborhood quality that contributes to its social climate is the
number and diversity of its behavioral settings, including recreational, commer-
cial, cultural, educational, and civic places (Barker and Schoggen, 1973; Jacobs,
1961). The presence of multiple settings geared to the interests and activities of
diverse groups of residents and visitors (children, adolescents, young adults, eld-
erly persons, and various cultural and ethnic groups) promotes active interchange
among these groups and contributes to the overall vitality of the neighborhood
and the quality of life for its residents and visitors. Conversely, an overabundance
of certain settings, such as fast-food restaurants, may have a negative influence
on residents’ well-being. In a recent study of the “economics of obesity,” Rashad
and Grossman (2004) found that a major factor in the rise of obesity in the United
States between 1980 and the present is the dramatic growth in the per capita
number of fast-food and full-service restaurants during those years. According to
this research, as much as two-thirds of the increase in adult obesity since 1980 can
be explained by the rapid expansion of the restaurant industry and the increasing
tendency of U.S. adults and children to eat their meals at fast-food and full-service
restaurants (Figure 5.3). Thus a prevalence of fast-food settings (which generally
serve high-fat, high-calorie meals) and abundant opportunities for families to dine
out in a neighborhood may have a deleterious effect on residents’” health.

Among the most important neighborhood settings are what Oldenburg (1999)
refers to as third places—“the variety of public places that host the regular,
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FIGURE 5.3 Cars Waiting in Line for Fast-Food Service

voluntary, informal, and happily anticipated gatherings of individuals beyond the
realms of home and work” (p. 16). (Home and work are, respectively, individuals’
first places and second places.) Third places such as local bookstores, coffee shops,

parks, and other popular hangouts (such as Ghirardelli Square in San Francisco,
shown in Figure 5.4) serve as “core settings of informal life.” Oldenburg con-
tends that third places offer people escape and relief from the psychological stress
of work and family responsibilities and strengthen their sense of belonging to
the community and thus their overall well-being. Interestingly, Florida’s (2002)
research on the creative class suggests that regional economic growth and job
opportunities in the United States are fueled by where creative people, who rep-
resent 30 percent of the workforce, choose to live. One of the attributes creative
people seek when deciding whether to move to a particular area is a diverse mix
of third places—neighborhood settings that offer recreational resources such as a
vibrant nightlife and opportunities for social and cultural exchange.

In some localities schools may become third places. A recent positive example
of neighborhood change involved the conceptualization of neighborhood public
schools as places that can “improve overall health in densely populated communi-
ties” when they are designed as “mixed-use, neighborhood-centered” facilities that
provide “much needed, neighborhood-based health and human services . . . [and]
safe, convenient spaces for children and their families to walk, run, participate in
sports and otherwise enjoy being outdoors” (Abel and Fielding, 2004, p. M2).
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FIGURE 5.4 Ghirardelli Square in San Francisco

In addition to third places, the aesthetic quality of neighborhood environ-
ments, the presence of nature (for example, lakes or forested parks) at all environ-
mental levels (see Table 5.3 and Figure 5.5), and the provision of resources for
physical activity (for example, bike trails and public parks) all contribute positively
to residents’ mental and physical health and to the neighborhood’s sense of place.
Natural areas in a neighborhood offer residents a respite from their daily work
routines as well as opportunities for emotional restoration and recovery from
mental fatigue (Kaplan and Kaplan, 1989). Similarly, urban design features can
either encourage or discourage residents’ engagement in physical activity, activ-
ity that could be an antidote to the obesity pandemic currently rampant in the
U.S. population (Frank, Engelke, and Schmid, 2003). (The links between access
to nature and well-being and between urban design and physical activity patterns
are discussed more fully in Chapters Fourteen and Twenty-Four.)

Virtual Neighborhoods ~ We now consider the ways in which the Internet and dig-
ital communications have given rise to fundamentally new type of neighborhood—
virtual communities located in cyberspace, that complement (and sometimes
complicate) people’s transactions with their place-based environments.

The computing revolution and the rapid expansion of the Internet during
the 1980s and 1990s (Kiesler, 1997; Kling and Iacono, 1991) have dramatically



TABLE 5.3 The Presence of Nature

Elemental
Individual

Stimuli

Situation
Setting

Life domain

Societal

Natural scents (incense)

Natural objects (driftwood, shells, stones, plants)
Clothing choices

Eating choices

Natural sounds (birdsong, rain, wind in trees)
Natural surfaces (wood, rock, grass, sand, water)
Natural colors and textures (earth tones, burlap)
Views of nature through windows

Natural images (pictures of natural places)
Outdoor meetings, meals, and entertainment
Gardening

Outdoor recreation

Outdoor relaxation or meditation

Outdoor occupations

Location of residence and workplace

Mode of transportation and routes

Nature preserves and wilderness areas

Protected seashores, rivers, and lakes

Regional, national, and international ecological conventions
and agreements

FIGURE 5.5 Neighborhood Green Space in Irvine, California
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altered people’s transactions with their environments in at least three ways. First,
the emergence of the Internet and digital communications has made it much
casier for individuals to be in contact even when they are geographically or tem-
porally remote from each other. Second, the Internet has facilitated the devel-
opment of virtual behavioral settings and virtual neighborhoods such as chat
rooms, listservs, bulletin boards, information pooling sites such as Wikipedia,
social networking sites such as Facebook and Twitter, and electronic commerce
sites such as eBay and Amazon.com, each located at a particular “address”
(URL) in cyberspace. Like real places, these virtual settings are frequented by
users or members on a regular basis, and these individuals develop widely shared
norms concerning appropriate social behavior and etiquette (Blanchard, 1997;
Blanchard and Horan, 1998). Moreover, the members of virtual communities
(such as the Palace and the Well) tend to identify strongly with these sites and fel-
low members (Rheingold, 1993). Third, because individuals are present in or at
a specific physical place at the same time that they are participating in a virtual
setting via computer contact or cell phone conversation, they must simultaneously
pay attention to information from both their immediate sociophysical environ-
ment and their virtual environment.

This concurrent processing of information generated by place-based and
virtual settings raises the possibility that certain conflicts between these two
realms of experience will occur and that negative health impacts (such as traffic
crashes caused by the use of cell phones while driving) may be a consequence of
those conflicts. The proliferation of real-virtual situations incorporating at least
one real setting (place-based) and one virtual setting (accessed from a desktop
computer, laptop, hand-held device, or cell phone), raises novel questions about
the relationships between environment, behavior, and health (see, for example,
Stokols, 1999). For example, real-virtual conflicts arise when parents engage in
chat room activities on a home computer and become less responsive to the needs
of their children, or when employees inappropriately “surf the Internet” while
at their workplaces, arousing the resentment of coworkers and supervisors who
are more focused on job-related tasks. These examples illustrate the kinds of
interpersonal, family, and organizational strains that may result from a conflict
between real and virtual settings.

Social strains and interpersonal conflicts are not the only health problems
prompted by the overlap of real and virtual settings. Another major threat to
an individual’s well-being is the stimulation overload (sce, for example,
Milgram, 1970) that results from chronic multitasking, such as simultaneously
communicating with a person in a real setting and a person in a virtual set-
ting in an attempt to accomplish diverse tasks in a short period of time. The
digital electronic revolution has subjected large segments of the population to
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an onslaught of communications transmitted via desktop and laptop computers,
hand-held devices, cell phones, and fax machines. The rapid rise in e-mail com-
munications—both more users and more e-mail messaging per user—has been
recorded in a number of recent studies (for example, International Technology
and Trade Associates, 2000; Lyman and Varian, 2000; Nie and Erbring, 2000;
Wellman and Haythornthwaite, 2002; Messagingonline, 2000). This communica-
tions explosion has resulted in individuals’ becoming more susceptible to distrac-
tion, information overload, and mental fatigue (Mark, Gudith, and Klocke, 2005;
Mark, Gonzalez, and Harris, 2005). When these conditions persist, individuals
can experience attentional fatigue, which has been closely linked to greater
irritability, reduced sensitivity to the needs of others, and errors in occupational
settings—for example, situations involving physicians, nurses, air traffic control-
lers, and automobile drivers that threaten health and life (Cohen, 1980; Kaplan
and Kaplan, 1989; Kohn, Corrigan, and Donaldson, 2000).

Although conflicts between uses of real and virtual settings are common,
place-based neighborhoods can also benefit from residents’ participation in virtual
communities. Blanchard and Horan (1998), for instance, distinguish two types
of virtual communities: place-based and geographically dispersed. Place-based
communities of interest are exemplified by the Blacksburg Electronic Community
(www.bev.net), an Internet site developed by the residents of Blacksburg, Virginia,
for the purposes of facilitating social and commercial exchanges among individu-
als and groups in the city and enhancing the sense of community and sense of
place in Blacksburg. Geographically dispersed communities of interest are those
in which most participants do not communicate face to face or even by telephone.
Examples include health support groups on the Internet as well as Web sites
featuring hobbies or shared intellectual, political, artistic, literary, or recreational
interests. Even though these virtual communities do not directly reinforce a sense
of place, they do enrich the quality of life in place-based neighborhoods by deliv-
ering valuable information, services, and support to neighborhood residents.

Not all members of place-based neighborhoods, however, have access to vir-
tual settings, due to limited financial resources or educational backgrounds. The
rift between information-rich and information-poor segments of the population
is referred to as the digital divide (Garces, 2000; National Telecommunications
and Information Administration, 2000; Servon, 2002; Mossberger, Tolbert, and
Stansbury, 2003). People who find themselves on the wrong side of this divide are
frequently caught in a downward spiral of increasing poverty because they have
little access to job opportunities that require training in information technology.
If this problem is not redressed, the resulting social divisions and inequity may
provoke the same sort of social conflict, community destabilization, and health
impairments (including lack of access to health care) that led to widespread social
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upheaval in the 1960s. Thus, narrowing the digital divide remains an important
priority for future environmental and health research and public health policy.

Summing Up the Example of Neighborhoods

A focus on neighborhoods highlights the unique contributions of environmental
psychology to public health.

*  Neighborhoods are large enough to reveal the complex relationships between
the physical environment and people that constitute “real life,” and yet small
enough that most social and physical factors influencing a target behavior (for
example, childhood obesity) can be effectively considered and synthesized.

*  Although varying widely across cultures and locales, neighborhoods contain
many common elements that allow useful comparisons: climate; geography;
natural ecological status; residential types, styles, and amenities; transporta-
tion modalities and routes; commercial enterprises; public utilities; economic
relationships; educational facilities; religious and other social organizations;
public governance; and cultural heritage.

*  The effects of these and other neighborhood factors on individual and group
physical and psychological health and well-being can be effectively modeled
and analyzed, and the results generalized to a broader societal context.

* A neighborhood focus allows researchers in environmental psychology to
employ useful perspectives from many disciplines—such as sociology, envi-
ronmental design, political science, urban planning, anthropology, social psy-
chology, and of course public health—and to use other fields’ tools as well,
such as GISs.

*  The concept of neighborhoods is proving useful to understanding the
impact of modern telecommunication and computing technology on social
and sociophysical relationships—that is, to understanding the differences
between real environments and virtual environments—and to exploring the
emerging perspective on neighborhood that integrates both real and virtual
environments.

LOCAL TO GLOBAL LEVELS OF ANALYSIS

Environmental psychology encompasses multiple levels of analysis. From the
smallest microlevel context to the largest holistic context, environmental psychol-
ogy brings the same focus to bear: environmental influences on the cognition,
behavior, and well-being of human participants in that context.
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Global climate change offers an excellent example of the range of levels of
analysis encompassed by environmental psychology. Global climate change is best
approached from an organismic perspective, that is, as a very large, complex, and
slowly evolving set of environmental conditions with a wide range of ecological
and human impacts. The recent worldwide focus on this global challenge is likely
only to become more intense, especially as the connections between different
levels of analysis and the potentially catastrophic results of the changes become
better defined (Gore, 2006; see also Chapter Ten). Moreover, the “public health
response to [climate change] requires a holistic understanding of disease and the
various external factors influencing public health. It is within this larger context
where the greatest challenges and opportunities for protecting and promoting

public health occur” (Gerberding, 2007, p. 1).

TABLE 5.4 Behavioral Impacts of Displacement Due to Climate Change:
From Global to Local

Level of Analysis

Climate Change

Behavioral Impact

Global
(continental)

National
(subcontinental)

Regional (state)

Community

Neighborhood

Residential

(family)

Individual

Global temperature rise
leads to rise in sea level

and magnifies impact of
natural disasters

Heat, prolonged drought

Greater ozone and
particulate air pollution

Long-term infrastructure
damage, especially

for public utilities and
transportation
Disproportionate social
and economic impacts

Loss of shelter, of social
and public support, and
of contact with extended
family

Disruption of life domains
due to all of the factors
listed here

Massive population dislocation

Changes to and disruption in food
production and distribution

Increased cardiovascular and respiratory
disease

Functional disruption leading to scarcity
of necessary resources (potable water,
electricity, gas, sanitation), damage to
and inaccessibility of health care facilities
Inability of neighborhood to recover,
neighborhood decay, disruption of social
networks, permanent displacement of
population

Family separation, conflict, deprivation,
long-term negative economic impact,
educational disruption, exacerbation of
medical conditions

Dramatic increase in environmental
(psychological) stress, malnutrition,

loss of income, poverty, inadequate
medical care
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Global climate change can have, in fact is already beginning to have, a
number of serious public health impacts (in environmental psychology terms,
behavioral outcomes), including death and illness from heat waves; death and injuries
from severe weather events such as hurricanes, tornadoes, and floods; increased
levels of air pollutants and allergens, aggravating respiratory and cardiovascular
diseases; reduced water quality and quantity; and increased risk of vector-, food-
and waterborne diseases (see Chapter Ten).

Although many of these impacts are experienced by the affected population
in situ, other impacts, especially catastrophic events, result in the displacement
of large numbers of people under very difficult circumstances. The study of
displacement is not new (Pastalan, 1983). Iullilove (2004) thoroughly explores
the communal, family, and personal impacts of large-scale displacement due to
U.S. urban renewal programs in the 1960s and 1970s. Displacement due to cata-
strophic events presents an effective, if unfortunate, opportunity to describe the

full range of behavioral impacts on affected populations.

SUMMARY

This chapter has presented the field of
environmental psychology as a useful van-
tage point for understanding a wide vari-
ety of relationships between environment
and health. Several important topics that
expand the conceptualization of environ-
mental health have been introduced:

*  Theory and research in environmen-
tal psychology are providing a broader
conceptualization of the sociophysical
context of health than has been typical
of the traditional focus of the field of
environmental health on the adverse
effects of exposure to specific toxins,
pathogens, and hazardous conditions
of the physical environment.

*  Similarly, environmental psychology
is adopting a broader stance toward

health itself, considering good health to
be both the absence of injury or illness
and the presence of well-being for indi-
viduals and groups.

Environmental psychology adopts
a concept of the environment that
includes both objective and subjective
perspectives and physiological and psy-
chological health outcomes.

A revised understanding of neighbor-
hood has been developed in this chap-
ter and used to introduce a wide range
of concepts, research, and findings
related to individual and social behav-
ioral outcomes as they, in turn, influ-
ence personal and population health
outcomes.

The discussion of real and virtual set-
tings and communities has revealed
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several potentially adverse as well as
beneficial impacts on individuals and
groups that have direct consequences
for the safety and health of neighbor-
hood residents.

The incorporation of environmental psy-
chology concepts and research results
can enlarge the scope and effectiveness
of public health programs and policies.
Studies of environment and health should
give greater attention to health-enhanc-
ing as well as pathogenic processes as they
occur in relation to the natural and built
environments, and to the cumulative influ-
ence of conditions experienced by indi-
viduals across multiple settings and life
domains. This more fully contextual per-
spective, incorporating the joint influence

KEY TERMS

affordance imageability
attentional fatigue
context legibility
contextual analysis life domains
contextual transformation
creative class

defensible space

digital divide
displacement

environment and behavior  settings

studies

interactional worldview

neighborhood
organismic worldview
physical incivilities
place attachment

sense of place
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of multiple environmental settings and
factors on health, is exemplified by recent
studies of the adaptive burdens faced by
individuals, especially members of low-
income and ethnic minority groups—bur-
dens resulting from their chronic exposure
to multiple social, physical, and economic
environmental stressors (Bullard, 1990;
Evans, 2004; McEwen and Stellar, 1993;
Taylor, Repetti, and Seeman, 1997; see also
Chapter Eight). Finally, the rapidly expand-
ing prevalence of telecommunications and
virtual communities (incorporated here into
an expanded definition of neighborhood)
and the multifaceted role of the Internet as
both a resource for health promotion and a
source of health problems have emerged as
important topics for future environmental
health research.

situations

social incivilities
sociophysical environment
stimulation overload
stimuli

stress

third places

trait worldview
transactional worldview

virtual communities
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DISCUSSION QUESTIONS

1.

Make a list of the ways that you communicate with your friends and acquire
information about the world. Then make lists of the ways your parents and
grandparents communicated and acquired information when they were your
age. Then add to your lists the places that facilitate or enable (in your case)
and facilitated or enabled (in your grandparents’ case) these communication and
information activities. What are the potential health consequences of the changes
you note in these lists? (Hint: consider the factors listed in Table 5.2.)

What physical and social factors that differ between low-income and high-
income neighborhoods have implications for the health of residents? (Hint:
Think about the quantity, variety, and quality of the first, second, and third
places available to residents of each type of neighborhood.)

Draw a large circle on a piece of paper. Around the lgfi side of the circle, write
words or phrases that describe important physical aspects of your current home
or residential environment (for example, “private bedroom,” “outside garden/
yard,” “comfortable,” “spacious” or “cramped,” “relaxing”). Around the right
side of the circle, write words or phrases that describe important social aspects

9 <

of your current home or residential environment (for example, “no privacy,”

EEIN44 2 PRI

“safe,” “quiet,” “great for parties,” “good for quiet dinners,” and so forth).
Then draw lines (always going through at least part of the circle) to connect
items strongly related to each other (such as “garden” and “relaxing”). A line
may connect a physical and a social aspect, two physical aspects, or two social
aspects. How complex are the relationships between these sociophysical factors
in your residential setting? Which seem most important: that is, which exhibit
the most connections to other factors? (To extend this discussion, consider these
questions: Which factors might be related to the health of the residents of your
home environment? Which of these factors is the most important?)

Consider the route you take most often to get to and from school. Do you
consider it stressful or relaxing? Why? What do you listen to, that is, what
kind of information do you absorb along the way? What options are available
to you on this route (fast-food restaurants, natural views, dense urban scenes,
light traffic, and so forth)? How does each of these contextual factors affect
your mood, your expectations about the day ahead, your readiness to learn,
and your overall health?

Select one of the following significant issues with important public health
impacts: AIDS in Africa, war in the Middle East, destruction of rainforests,
global financial recession, international terrorism, dependence on carbon
fuels (oil), or poverty in major metropolitan areas. Using Table 5.4 as a tem-
plate, identify specific impacts and related behavioral or health outcomes for

each level of analysis, from global to local.
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KEY CONCEPTS

B The risk of disease 1s a function of both genetic and environmental factors.
Gene-environment interactions are central to a full understanding of disease.

B Multifaceted approaches are now available to measure environmental exposures
and to study how genetic factors affect the impact of those exposures.

B The variation in genetic risk raises a host of ethical, legal, and social issues that
must be addressed.
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HE same amount of exposure to organophosphate pesticide can make

one child sick but pose little harm to another. Why? Studies have shown

that susceptibility to organophosphate pesticide poisoning, as well as
to vascular disease, can be traced to variations in a gene involved in toxicant
metabolism (Davies and others, 1996; Jarvik and others, 2003; Li and others,
2000). Our growing knowledge that the interaction between our environment
and our genes is often at the root of disease and our individual susceptibility to it
is making possible major advances in environmental health and personalized
medicine. But it is also making scientific questions, issues, and investigations
infinitely more complex.

The concept of gene-environment interaction has gained wide accept-
ance in the scientific community and is central to the future of both genetics and
environmental health (Collins, 2004; Potter, 2004). These two fields, once separate
and distinct, are now inextricable. Genetics, the study of individual genes, has
expanded to include genomics, which is the study of all the genes that make
up an organism; a complete genome 1s present in every cell and governs an indi-
vidual’s unique characteristics and responses. Similarly, the definition of what
constitutes the environment has evolved. Currently, and particularly as it relates
to gene-environment interactions, the environment is considered to be anything
outside the body that can affect an individual’s health. This includes air, water,
soil, and climate, of course, but also takes into account elements such as the food,
drink, and medicine we ingest; our behavioral choices, such as consuming tobacco
and alcohol; our exposure to infectious agents; our socioeconomic status; our age
or developmental status; the stress we experience; and even the structures and
infrastructure around us (the so-called built environment) (Hanna and Coussens,
2001; also see Chapter Fourteen).

EXPLORING SUSCEPTIBILITY, RISK, AND EXPOSURE

The questions of what causes disease and what can we do to prevent it, cure it,
or minimize its impact on quality of life have been central to medicine from time
immemorial. Today these questions propel the mission of biomedical science to
understand and characterize gene-environment interactions. The vast majority
of human disease arises when something is wrong in the relationship between

The authors wish to thank science writer Angela Spivey for her instrumental role in the prepa-
ration of this chapter. In addition, Samuel H. Wilson and William A. Suk declare no competing
financial interests.
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a person’s body and the environment. Such miscues can occur in the blink of
an eye, as in the case of acute exposures to toxic agents, or can take decades to
develop, as in illnesses such as cancer or Alzheimer’s disease.

Although certain inherited disorders, such as Huntington’s disease, cystic
fibrosis, and Tay-Sachs disease, arise from mutation in a single gene, such disor-
ders are relatively rare, accounting for no more than 5 percent of human disease.
Thus the risk of such a disease for a person with a disease-specific gene variant
(referred to as an allele) is relatively high, but the incidence of such monogenic
diseases in the general population is low. Instead, many common human diseases
appear to be polygenic, resulting from complex interactions of several genes. A
variant of one gene might not be detrimental, but it might become detrimental
in combination with specific alleles of other genes. Such susceptibility-confer-
ring genes increase disease risk only a few-fold, but because these genes occur so
frequently in the human population, they can have a large effect on the incidence
of a disease. However, susceptibility genes alone are not sufficient to cause
disease; they modify risk in combination with other genes and with exposure to
environmental agents (Figure 6.1).

Because every organism is continually exposed to hazardous agents in its
environment, organisms have evolved sophisticated pathways that can minimize
the biological consequences of such exposures. These pathways constitute the
environmental response machinery. All human genes, including those that

FIGURE 6.1 Gene-Environment Interaction and
Disease Burden
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This image represents the hypothesis that combinations of genetic susceptibility factors and

Genetic Factors Exposure

environmental exposures (and not genetic or exposure factors alone) account for the majority
of the U.S. disease burden. Understanding the multitude of gene-environment combinations
that are associated with common diseases is considered an important research approach for
the future.
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encode components of the environmental response machinery, are subject to
genetic variability, which may be associated with altered efficiency of the gene
product (usually an enzyme or protein) and ultimately with a biological pathway.
So a person’s risk for developing an illness as a result of an environmental expo-
sure might depend on the efficiency of his or her own unique set of environmen-
tal response genes. These genes might, for example, determine how an individual
responds to and metabolizes drugs or carcinogenic compounds after exposure.

Determining how genetic susceptibility contributes to disease risk from envi-
ronmental exposures is a main focus of today’s environmental health research.
In the quest to characterize gene-environment interactions, however, the picture
is immensely complicated. Not only are combinations of genes typically involved
but there are also issues of combinations of exposures, the time periods over
which exposures have occurred (relative to physiological development and age),
and the detection and identification of chronic low-level exposures (Figure 6.2).
The large array of variables affecting gene-environment interactions is daunt-
ing. But advances in research technologies and methods and in computational
abilities have given environmental health scientists new tools that should spawn
major improvements in public health. One important recent achievement was the
mapping of the human genome.

FIGURE 6.2 Environmental Exposure and Genetic Variation
as a Consequence of Aging
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As age and environmental exposure increase over time, so do the progressive molecular
responses and changes that are linked to pathogenesis.
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PERSPECTIVE
ELSIs

Most people today are at least nominally familiar with the ethical, legal, and
social implications (ELSIs) of genetics such as the potential for genetic discrimi-
nation by employers or insurers and confidentiality issues.

As science and technology rapidly progress and the fields of genomics and
environmental health converge, many thorny issues will need to be dealt with
forthrightly in the public debate.

Our advancing knowledge of risk and susceptibility, which will eventually ena-
ble routine determination of an individual’s susceptibility to a wide variety of envi-
ronmentally induced diseases, will require real-world answers to ethical, legal, and
social questions that today are still largely anticipatory and theoretical. For example,
if you are found through genotyping to have an increased susceptibility to a specific
disease, a risk that is increased by exposure to a specific material, do you have the
right to be employed in a workplace likely to expose you to that material? Does
the employer have the right to deny you employment based on your genotype, or
is the employer obligated to provide a workplace, potentially at great expense, in
which you will be protected from occupational exposure to the agent? This is just
one among many lines that will soon need to be drawn to ensure that all stakehold-
ers are adequately, responsibly, and ethically informed and protected.

From its inception in 1990, the Human Genome Project recognized the need
to address these issues and allocated a significant proportion of its overall budget
to research and outreach activities to address ELSIs. The ELSIs program was a suc-
cessful instance of the scientific community taking its responsibility to the public
seriously. It stands today as a model for future initiatives (including a proposed
independent and nonprofit genomic policy organization) designed to ensure that
as we learn more and more about gene-environment interactions and as that learn-
ing influences public and private policies, the rights of every person to privacy,
personal freedom, and fair treatment will not be compromised (for review, see
Sharp, Yudell, and Wilson, 2004).

THE HUMAN GENOME PROJECT

In 2001, just fifty years after Watson and Crick reported the structure of the
DNA double helix (Watson and Crick, 1953), scientists in the Human Genome
Program (HGP) completed the sequencing of the human genome, providing
a complete roadmap to the locations of the approximately 30,000 human genes
(Collins, 2001). This will probably stand as one of the most significant achieve-
ments in the history of science, but it is clear that the genomic information has
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not, in and of itself, resulted in answers to the many questions about the genetic
basis of disease. The genome sequence information will be used as a reference in
the process of learning about individual human genetic variation; the sequence
can be viewed as a dictionary that gives researchers the framework needed to flesh
out “the grammar and syntax of the language of disease.” Large questions, such
as what 1s the actual extent of the genetic variation, or polymorphism, between
human beings, and how much genetic variation is acquired as we age, must still
be answered.

GENETIC VARIATION

In our efforts to understand disease, it is characterizing the genetic variations among
individuals or groups that will provide the most useful information. Variations in
genes or groups of related genes result in phenotypes. Phenotypes can describe
physical traits such as hair color, behavioral features such as anxiety, and specific
physiological susceptibilities or responses to gene-environment interactions. Our
collective individual phenotypes make us who we are as individuals—determining
whether we are at greater risk than the general population of contracting a disease
or whether a particular drug will work, prove ineffective, or even be toxic for us.

Genetic variation among individuals is typically due to insertions and dele-
tions of DNA known as indels, and single nucleotide polymorphisms
(SNPs), which are normal variations of one letter of the genetic code. Identifying
these DNA sequence variations, and characterizing how they determine or influ-
ence phenotypes, is the focus of an enormous amount of current research and
is the starting point for arriving at a useful understanding of gene-environment
interactions and their myriad effects on human health.

It has been estimated that there are roughly 11 million SNPs in the human
population (Kruglyak and Nickerson, 2001), of which several million have been
identified and catalogued by various research efforts. To be recognized as a SNP,
a single-letter variation in DNA sequence must occur in at least 1 percent of
the population. SNPs with a frequency of 10 percent or more are thought of
as common. SNPs tend to occur in patterns, or blocks, of associated, inherited
alleles called haplotypes. The identification of haplotypes can in some cases
obviate the need to document individual SNPs, as the haplotype is considered
to be the inherited functional unit that ultimately influences physiology. A pub-
lic-private research consortium called the International HapMap Project (2005)
aims to map all the haplotypes in the human genome. The HapMap, the sec-
ond phase of which was completed in 2007, 1s a powerful new tool for research-
ers to use in identifying genetic variations that affect disease susceptibility, drug
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PERSPECTIVE
Genetic Variability and Susceptibility to Lead Toxicity

Lead has long been recognized to be highly toxic to humans. Although environ-
mental levels of the metal have been greatly reduced over the past few decades,
due in large measure to its elimination from gasoline and paint, lead toxicity is
still a major public health problem, especially in children who live in housing
retaining lead-based paint residues or who reside in lead-contaminated localities,
such as areas close to smelters or battery factories. The problem is exacerbated
by the fact that lead accumulates in the body and that lead acquired early in life
can be released into the bloodstream to wreak physiological havoc much later in
life, such as during menopause.

Environmental health scientists have determined that polymorphisms in certain
genes can make some individuals far more susceptible to the damaging effects of
lead poisoning by affecting the absorption, accumulation, and transport of the toxin.
Variants of the gene coding for 3-aminolevulinic acid dehydratase (ALAD), an
enzyme involved in heme biosynthesis, for example, appear to adversely affect bone
and blood levels of lead. Polymorphisms of the vitamin D receptor (VDR) gene have
been implicated in increased accumulation of lead in bone. Also variants of the hemo-
chromatosis gene coding for the HFE protein, which is involved in iron transport
in the body, may influence lead absorption and transport (Onalaja and Claudio,
2000). Discovery and characterization of these and other genetic markers of increased
susceptibility to lead toxicity are key scientific milestones in the effort to reduce, treat,
or prevent gene-environment interactions that cause disease and dysfunction associ-
ated with lead poisoning.

response, infectious disease resistance, and longevity. Although initiatives designed
to establish comprehensive databases of SNPs, indels, and haplotypes take the
genome sequence data compiled by the HGP a step further, they still do not yield
knowledge that will translate directly into beneficial new treatment, prevention, or
therapeutic paradigms. That step will require more information about the nature
of the association between human genetic variation and phenotypes.

THE NEW GENERATION IN ENVIRONMENTAL
HEALTH RESEARCH

Polymorphisms in an individual’s environmental response genes can modify the
risk of environmentally induced disease. To achieve an understanding of that
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relationship and its implications in gene-environment interactions, the National
Institutes of Health launched an initiative in 1997 called the Environmental
Genome Project (EGP) (2005). The EGP uses the candidate gene approach
to identify and characterize human genetic variability in selected genes thought
to be involved in susceptibility to toxicant-induced disease (Olden and Wilson,
2000; Wilson and Olden, 2004). By resequencing the selected candidate genes in
a set of DNA samples representative of the U.S. population, the project aims to
discover SNPs and other variants that are relevant to environmental responses,
and eventually to yield knowledge that will have implications for medical and
environmental policymaking and regulation.

The environmentally responsive genes selected for study by the EGP tend to
fall into eight categories: cell cycle, DNA repair, cell division, cell signal-
ing, cell structure, gene expression, apoptosis, and metabolism. Cell
cycle and cell division genes regulate the ability of a cell to proliferate, grow,
and differentiate. Changes in the progression of a cell through the cell cycle can
increase the cell’s ability to survive stress, for example, by allowing cellular damage
to be repaired prior to cell division. Cell signaling and gene expression pathways
have effects on all cellular functions, including cell proliferation and differen-
tiation. Metabolic pathways are crucial determinants of the outcome of expo-
sure. An innocuous compound may be metabolically converted into a reactive
species that causes cellular damage; alternatively, some metabolic pathways
destroy toxic compounds by changing the compounds’ chemical structure. DNA
repair genes can influence the outcome of exposure to environmental agents that
cause DNA damage. Individuals with higher or lower capacity for DNA repair
have decreased or increased risk, respectively, of certain types of environmentally
induced disease. Heavily damaged cells often die by the process known as apop-
tosis, or programmed cell death. Apoptosis protects the organism by removing
damaged or aberrant cells, and failure to execute this process is associated with
adverse health effects, such as cancer.

To date about 1,000 candidate genes, mostly metabolism, DNA repair, and
cell cycle genes, have been resequenced by the EGP. Another accomplishment
was the compilation of the publicly accessible GeneSNPs database, which lists
the thousands of new SNPs now made available for research use (GeneSNPs,
2005; EGP, 2005). The EGP has also turned researchers’ attention to the func-
tional significance of polymorphisms, in an effort to establish whether or not
cach polymorphism is an active component in exposure-associated disease. One
method of tying SNPs and indels to function is to develop and examine mouse
models of human gene variants, and the EGP is currently doing this in a project
known as the Comparative Mouse Genomics Centers Consortium. The mouse
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PERSPECTIVE
EGP Cases in Point

Using the candidate gene approach, the Environmental Genome Project has already
yielded significant information about genes implicated in gene-environment inter-
actions at the root of human disease. EGP investigators Clement Furlong and col-
leagues have conducted detailed studies of polymorphisms (as briefly alluded to
earlier) in the paraoxanase gene PON1 (Davies and others, 1996; Jarvik and others,
2003; Li and others, 2000). The gene regulates production of the enzyme paraoxa-
nase (PONT1), which metabolizes toxic organophosphates and some pharmaceutical
agents, such as the cholesterol-lowering statin drugs. Furlong’s group discovered
that certain SNPs influence PONT1 activity, altering production of the enzyme. Their
study clearly demonstrated that an individual’s PONT status has implications for
susceptibility to environmentally associated diseases, including organophosphate
toxicity and cardiovascular disease. PONT status also is suspected to be involved in
susceptibility to Gulf War syndrome (as well as Parkinson’s disease), although studies
of that association have shown conflicting results (Kelada and others, 2003; Kondo
and Yamamoto, 1998; Taylor, Le Couteur, Mellick, and Board, 2000; Akhmedova,
Anisimov, Yakimovsky, and Schwartz, 1999; Akhmedova, Yakimovsky, and Schwartz,
2001; Wang and Liu, 2000).

EGP researcher Martyn Smith of the University of California at Berkeley exam-
ined gene-environment interactions in blood-related cancers, including leukemia,
lymphoma, and myeloma. Many leukemia cases are thought to be induced by
environmental factors, including exposure to benzene, radiation, and chemo-
therapeutic agents. Genetic factors are also thought to play a significant role,
especially in pathways controlling DNA repair and oxidative DNA damage. Smith
and his collaborators identified one candidate gene that appears to be involved in
the etiology of leukemia, namely, the gene encoding NAD(P)H:quinone acceptor
oxireductase 1 (NOQT). This enzyme plays a role in preventing oxidative dam-
age caused by exogenous and endogenous quinines, which are biologically active
compounds found in natural substances such as vitamins, aloe, and henna and in
chemicals such as photographic fixatives and dyes. The C609T polymorphism of
that gene, which occurs in 5 to 20 percent of the population, results in complete
loss of enzyme activity in homozygotes (people with two copies of the variant
gene). Case-control studies indicate a 1.5- to 2.5-fold increased odds ratio for
several types of leukemia in association with the 609T variant (Smith and others,
2001, 2002; Krajinovic and others, 2002). Although this effect is relatively small,
adverse environmental exposure may interact with this genetic variant and lead to
significantly increased risk of disease.
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models produced in this project will be subject to phenotypic analysis in tests of
susceptibility to environmental exposures.

The significance of individual polymorphisms can be elucidated by popula-
tion-based research, in which large numbers of people are screened for variants
and the data are analyzed to determine associations between polymorphisms,
disease susceptibility, and exposures (Altshuler, Kruglyak, and Lander, 1998). The
effects of solitary gene polymorphisms are believed to be relatively weak, and
the environmentally induced diseases under study are believed to be polygenic,
involving interactions of multiple genetic variants and exposures. Due to these
factors the population studies will need to be very large to identify subgroups at
increased risk of disease because of their particular genotypes. This will undoubt-
edly be a challenging aspect of the EGP, but it is this type of knowledge that will
yield the largest public health benefits.

LINKING GENES AND ENVIRONMENTAL EXPOSURES

Given that most human disease is now understood to involve complex interactions
among genetic predispositions (due to genetic variants), environmental exposures
(both acute and chronic—that is, both short- and long-term), and aging or physi-
ological development, characterizing the relationships among these elements in a
useful way (although an extraordinarily complicated undertaking) is the pathway
that will eventually lead to a new age of medicine and disease prevention. An
era of personalized medicine is possible, but the road toward achieving it is still
very long and most realistically measured in decades. The assurance of progress
requires that multiple research approaches be used for linking exposures with
clinical disease (Figure 6.3).

The traditional approach to environmental exposure assessment (see Chapters
Two and Four), working from the release of a toxicant into the general envi-
ronment to human exposure to internal dose to biological effect and eventually
to disease, has proven to be an extremely effective framework for environmen-
tal health research (Suk and Wilson, 2002). Its component methodologies have
matured, and innovative measurement and assessment techniques continue to be
developed. In the hazard assessment approach to exposure, advanced techniques
are employed to characterize the relationship between the dose of an agent and
the adverse response of a model organism. Obviously, the starting point for this
type of investigation is the agent itself, along with a variety of questions: Is the
agent toxic? At what levels of exposure is it toxic? What are the biological effects
of such an exposure? How do genotypes modulate the impacts of those effects?
And the ultimate question of course is, How can this information be interpreted
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to accurately predict human health outcomes following exposure to environmen-
tally relevant doses? These can be extremely complicated questions, but meth-
odologies are emerging to characterize dose-response curves at the molecular
level (such as gene expression, protein expression, metabolism, and so forth).
High-throughput analytical tools along with the computational tools necessary
to interpret massive amounts of data have allowed the development of the sci-
entific paradigm known as systems biology. In systems biology the goal is to
understand the functioning and responses of the entire organism by integrating
information about its elements (such as genes and proteins) with knowledge about
these elements’ interrelationships. Many laboratories are using high-throughput
tools to gain an understanding of how the system operates, while refining infor-
mation about dose-response relationships.

To understand linkages between disease and environmental exposures, sev-
eral distinct categories of information must be pursued simultaneously, such as
the measurement of general atmospheric pollutants and toxicants, the fate and
transport of hazardous agents in the ecosystem, the burden and metabolism of
such agents in the human body, and the biomarkers of exposure. Yet all this infor-
mation needs to be clearly related to the disease burden. This creates the need for
another exposure-disease approach that can provide accurate, consistent health
status endpoints that can be measured precisely over many years. The disease-ori-
ented approach, which is currently emerging as a new construct in the field, takes
a clinical disease and the public health burden it represents as its starting point, or
surrogate of exposure, and then directs inquiry toward the molecular characteri-
zation of disease and the underlying exposure responses. This approach is pres-
ently being used to investigate gene-environment interactions in major diseases
influenced by environmental exposures, such as breast cancer, Parkinson’s disease,
and autism. The disease-oriented approach relies on both exposure research and
large-scale studies of the health status of the general population over long periods
of time, to identify subpopulations at risk and groups of unaffected individuals for
comparison. Research initiatives using this approach will initially be large scale
and lengthy, but will eventually become more efficient and cost effective and have
a positive impact on health care costs.

The Genes, Environment, and Health Initiative

In 2007, the U.S. Congress funded a major effort to develop genetic data and
exposure assessment tools to be used to discover how genetic susceptibility and
environmental factors combine to produce disease. This effort, the Genes,
Environment and Health Initiative (GEI), has two parts: the Genetics
Program, which analyzes genetic variation in groups of patients with specific
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illnesses, and the Exposure Biology Program, which produces and validates new
methods for monitoring environmental exposures that may interact with a genetic
variation to result in human disease. The Genetics Program, led by the National
Human Genome Research Institute, will focus analysis efforts on SNPs. As noted
earlier, some of these small variations alter the function of a gene, and many such
alterations in the right combination may increase the risk of certain diseases. To
identify the sets of SNPs that contribute to disease risk, researchers are conduct-
ing genomewide association studies, using high-throughput genotyping of patient
samples to find SNPs that occur more frequently in people with certain diseases.
Data are made available in a central, controlled-access database established by
the National Center for Biotechnology Information (NCBI) for free and broad
research use.

Under the Exposure Biology Program, led by the National Institute of
Environmental Health Sciences (NIEHS), scientists are developing innovative sen-
sors for measurement of chemical exposure, improved measures of dietary intake
and physical activity, tools for measuring exposures to psychosocial stressors and
addictive substances, and indicators of biological responses to exposures. For all
these aspects of the environment, the goal is to develop methods that provide more
accurate, targeted measures than a simple measure of ambient levels of chemicals
in the air or water, for example, can provide. For many of these measures, the
effort focuses on development of automated and miniaturized personal devices
that will enable more accurate information collection and be comparatively easy
for study participants to use. For instance, to measure individual chemical expo-
sures, development of small, personal sensors to measure near real-time exposures
to several pollutants is under way. Rather than tracking diet with cumbersome
questionnaires, new methods may enable study participants to use cell phones to
record their daily food intake via photos and voice notes. Physical activity could be
measured by devices that include integrated motion sensors. Development of these
more sophisticated methods of environmental monitoring is an important step
toward more accurately characterizing gene-environment interactions (Schwartz
and Collins, 2007).

Challenges of Investigating Gene-Environment Interactions

Use of the tools and knowledge generated by such initiatives as the GEI in large
population-based or clinical studies holds promise for discovering how the com-
plex interplay between gene and environment results in disease. But such research
is confined in many cases to investigations of a targeted hypothesis involving
a particular exposure and a particular gene or gene pathway. This highly tar-
geted approach is necessary, but it limits discovery by assuming that our current
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understanding of what causes diseases such as asthma or diabetes is correct. For
example, a feasible gene-environment study of diabetes might begin by investigat-
ing a hypothesis that a genetic variation thought to decrease insulin production
interacts over time with consumption of foods that spike blood sugar (such as soft
drinks) to increase predisposition to diabetes. A more agnostic approach, such as
genotyping a population of people with diabetes for all possible genetic differ-
ences and measuring their exposure to all possible environmental factors, might
be preferable, and in a perfect world it would be doable. But it would require such
a large sample size and large amount of genotyping and exposure assessment that
in the real world the cost would be prohibitive.

The -omics Technologies

Many significant advances seen in environmental health sciences over the past sev-
eral years have been facilitated by the availability of an improved scientific toolbox:
improved cellular and animal models; new, more precise experimental methods,
materials, and computational tools; and perhaps most of all, new scientific special-
ties known collectively as the -omics technologies. Just as genetics has embraced
genomics, many of the traditional fields in biology have now embraced an -omics
component, a capability of studying biological phenomena on the genome scale.
For example, pharmacogenetics, which examines the response of individual
genes to medicines, now includes pharmacogenomics, which looks at drug
response over the entire genome and is in widespread use to identify drug targets,
screen compounds for medicinal activity, and characterize response phenotypes.
Pharmacogenomics is part of the push toward personalized medicine. Although
such an application of pharmacogenomics is still over the horizon for most people,
the field is already having some impact on certain individuals’ medical care. The
breast cancer drug trastuzumab (trade name Herceptin) is marketed in tandem
with a diagnostic test that determines whether it will work in individual patients;
if a patient’s tumor is found to be of a type that will respond to the drug, therapy
is commenced; if not, other treatments are employed. Individualized response (or
lack of response or hyperresponse) to medication is certainly one very important
manifestation of gene-environment interaction. But given the broad definition of
environment, there are many more. The investigation of relationships between
environmental exposures and genotypes has engendered the relatively new field
called toxicogenomics. Toxicogenomics has its roots in traditional toxicology,
but again, the current ability to examine (or interrogate) all of the genes in a
genome simultaneously allows researchers to take a systems biology approach to
an organism’s response to an environmental insult. Genomewide screenings, which
document which genes are expressed in response to a particular exposure, can
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shed light on the pathways and signaling networks that are relevant to out-
comes. Now that a number of animal genomes have been sequenced (including
mouse, rat, yeast, zebra fish, and nematode genomes), researchers are also pursuing
inquiries in a field known as comparative toxicogenomics. They compare genomic
responses to identical exposures among animal species and humans as a fruitful
method of discovering and describing cellular mechanisms in the environmental
response machinery (Mattingly and others, 2004).

Each step along the pathway of cellular response has its own specialized field
of study within the -omics universe (for a complete glossary of the -omics, see
Cambridge Healthtech Institute, 2005). For the purposes of this chapter’s broad
overview of genomics and environmental health, two more of these -omics areas
should be described: proteomics and metabolomics. Proteomics is the study
of the proteome, the global expression of proteins in a cell. Unlike the genome,
which is more or less static, finite, and can be completely mapped, the proteome is
constantly changing in response to the cellular environment, and proteins are
constantly interacting with one another in a highly complex fashion. So a cellular
proteome is unlikely ever to be fully mapped; it is too dynamic and almost infinitely
variable. But a point of proteomics is to gain information about which proteins are
expressed by which genes, when and where in the cell this occurs, and at what level,
and in response to what stimuli it occurs. Vast amounts of useful information are
expected to emerge from this field as these questions are addressed, protein-protein
interactions are characterized, and signature patterns of response are derived.
Proteomics also aims to classify differences in protein expression between known
samples, such as diseased and nondiseased or exposed and unexposed. Unique
proteomic patterns of disease can be identified, without necessarily identifying the
specific proteins involved. This approach appears promising in the area of clinical
diagnostics, as encouraging results have already been seen in the early detection
of some forms of cancer (Petricoin and others, 2002) and the ability to predict the
metastatic fate of lung tumors (Yanagisawa and others, 2004).

Functional proteomics seeks to uncover the functions of proteins and subsets of
proteins by describing their interactions and functional importance in signaling
networks, disease mechanisms, and various other biological processes. Structural
proteomics involves mapping of the three-dimensional structures of proteins as they
exist within the architecture of the cell. Such information can elucidate disease
states and cellular functions and also point to strategies for the design of thera-
peutic agents. And finally, toxicoproteomics is a ficld in its own right, with
researchers using the methodologies of proteomics to uncover cellular and subcel-
lular mechanisms behind responses to environmental toxicants and other stres-
sors at the protein level. Each proteomics specialty uses extremely sophisticated
bioinformatics to accomplish its tasks.
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Metabolomics (also referred to as metabonomics and as metabolic profiling) is
another step in the pathway from disease to exposure, or vice versa. Enzymes gov-
ern the production of metabolites, which are often the biochemical endpoints in the
response process. Metabolomics involves the 1dentification of metabolites, or suites
of metabolites, in body fluids as they relate to particular responses. This information
can provide fingerprints that serve as biomarkers of response; in this process the
identity of the compounds themselves is a secondary consideration.

All of these -omics pursuits play an important role in the grand design of
achieving a grasp of systems biology and systems toxicology. As the experimental
technologies continue to advance, along with the bioinformatics tools required to
glean useful knowledge from the enormous data sets generated, the overarching
field of environmental health sciences should move closer to an understanding
of the entire range of gene-environment interactions, on both sides of the gene-
environment equation (Figure 6.4).

FIGURE 6.4 Advanced Tools for Understanding Gene-Environment
Responses Leading to Disease

Imaging Technologies Probes Biosensors Mathema.tics and Kiqetics
(computational techniques)
\ Responses
v
Actual Dose Analytes
/ and Lesions \
Pathway to Target Early
Human Exposure Tissue Disease
A A
\ Stress /
Response
A

/ Responses \

Micro/Nano Arrays Molecular Tools -Omics Tools

The precise measurements of -omics responses play important roles in conceptualizing
and implementing a systems biology and systems toxicology approach to pathobiology and
disease.
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Beyond the DNA Sequence: Epigenetics

Scientists have begun to realize the importance of yet another route by which envi-
ronmental exposures can lead to disease—via changes that happen not to the core
DNA sequence but to mechanisms such as messenger RNA that carry out the instruc-
tions written in the genetic code. These changes can happen as a result of individuals®
normal development, exposure to environmental chemicals, ingestion of pharma-
ceuticals, or diet. The study of these types of modifications to single genes or sets of
genes 1s known as epigenetics. Analysis of these changes across the entire genome
1s referred to as epigenomics. Diseases suspected to be associated with epigenetic
changes include cancer, autoimmune disease, mental disorders, and diabetes.

Normally, DNA is transcribed to RNA, which is then assembled into mes-
senger RNA, which helps in the manufacture of proteins (the workhorses of
the cell). Epigenetic changes can modify any of the steps along this path. These
changes include DNA methylation (addition of a methyl group), modifications to
the protein-DNA complexes known as chromatin, methylation or other modifica-
tions to the proteins that make up chromatin (histones), and control of messenger
RNA expression by noncoding RNAs. These changes can activate or repress vital
mechanisms such as gene pathways, messenger RNA, or protein expression. For
example, DNA repair pathways, which play a major role in protecting against
the cytotoxic and mutagenic effects of endogenous, environmental, and clinical
DNA-damaging agents, can be inactivated by a particular type of methylation.
DNA repair capacity has also been shown to decrease with age, perhaps increas-
ing the likelihood of age-related disease, although the mechanism by which this
occurs remains unknown. Researchers have hypothesized that central epigenetic
changes that lead to dysregulation of DINA repair gene expression will be associ-
ated with disease development, particularly cancer, and aging.

Fetal development is particularly vulnerable to epigenetic changes; an exposure
during this period that influences gene expression can result in enduring changes
that affect DNA transcription throughout an individual’s life. Epigenetic changes can
also be passed on across generations, when cells or individuals reproduce. For
example, researchers have found that feeding rats extra amounts of choline during
gestation results in particular methylations in offspring, who when treated with a
chemical that causes breast cancer develop slower growing tumors than rats whose
mothers consumed no choline (Kovacheva and others, 2008).

Scientists are beginning to investigate ways that knowledge about epigenetic
changes can be used as predictors of disease outcome and treatment response. For
instance, a small study found that former smokers who had developed lung cancer
showed significant differences in DNA methylation compared to former smokers
who had not developed the disease (Vucic and others, 2008).
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The NIH Roadmap for Medical Research includes an Epigenomics Program
(http://nihroadmap.nih.gov/epigenomics/), led by the National Institute on Drug
Abuse and the National Institute of Environmental Health Sciences. Through this
program researchers are working to identify specific ways in which gene expression

1s altered under a variety of environmental conditions, and how the altered expres-

sion influences disease risk. Ongoing research investigates such topics as age-related

epigenetic effects, transcriptional responses to environmental exposures, how endo-

crine disruptors cause epigenetic effects in fetal germ cells, how particles and metals
cause epigenetic effects that influence cardiac health, and how DNA methylation
differs between identical twins with different environmental exposures.

SUMMARY

There will be many new opportunities in
environmental health services, research,
policy, and outreach in coming years as
the recognition of the critical role of the
environment in global health emerges at an
all-time high. Addressing the opportunities
afforded by this enhanced recognition will

involve integration of novel information
and advances in genetic measurements and
environmental factor measurements. This
chapter introduces many of the consid-
erations in these areas that environmental
health scientists and professionals should
master as the field moves forward.
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protein expression single nucleotide systems biology
proteomics polymorphism (SNP) toxicogenomics
signaling networks susceptibility gene toxicoproteomics

DISCUSSION QUESTIONS

Information on a gene (allele) linked to human disease susceptibility is likely to be
developed and quantified in terms of a 7k factor established through epidemiol-
ogy studies. Consider the following questions:

1. How could a public health professional communicate the concept of increased
or decreased risk factor for disease susceptibility to the lay public?

2. How could a health professional translate information obtained from a large
epidemiology cohort to the task of providing advice to an individual patient
or client?

3. With what degree of certainty could a public health professional translate
risk factor data obtained from a large epidemiology cohort to the issue of
causation if he or she were testifying in a courtroom?
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ENVIRONMENTAL HEALTH
ETHICS

ANDREW JAMETON

KEY CONCEPTS

B Principles of ethics and morals extend beyond empirical concerns; they also
establish important values and expectations of professional conduct.

B Most professions, including those engaged in environmental health, have an
established code of ethics that outlines the main ethical ideals and standards of
the profession.

B Environmental health professionals play an increasingly important role in medi-
ating between the current health needs of humans and the long-term needs of
humans and of the natural world.

B When working with clients, environmental health professionals have an impor-
tant responsibility to advocate the sustainability of human and environmental
health in all activities.
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E most often discuss ethics when a controversy or dilemma arises.

However, ethical concerns are unobtrusively and globally present in

the everyday fabric of life: Everyday actions taken by environmental
health professionals typically depend on a commitment to such ethical values as
service, improved human health, and concern for the environment.

DEFINING ETHICS AND MORALS

Ethics can be defined most conveniently in contrast with morals. The term mor-
als, or morality, means the set of core beliefs or commitments of a person
or society that identifies what is most important, valuable, or right with regard
to conduct and character. The term ethics refers to a more formal version of
morality. Ethics can mean

*  Areasoned or systematic approach to figuring out what is the right or wrong
action or position

*  Professional morality, as expressed in widely accepted codes and statements,
in contrast to personal morality

*  The scholarly study of morality by philosophers

When ethical challenges arise in professional life, individuals may need to
make use of any of these formal concepts of morality. Because ethics is mostly
discussed when making decisions, ethics is not simply about describing the moral-
ity of a person, association, or culture. Instead, it is a normative process of decid-
ing what we should do or ought to do.

Ethics 1s intrinsically social, and not individual. Beginning students of ethics
often think of moral beliefs as essentially private and consider it inappropriate
to make moral judgments about the conduct of others, but they soon learn that
friends and professional colleagues often have genuinely useful and justifiable
ideas as to what 1s right for themselves and others. People are social creatures who
live in social contexts, and most environmental health decisions involve and affect
many people and the environment. Accordingly, what is “right” in environmental
health can never be simply the opinion of a single individual. Written statements
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of ethics in environmental health practice represent the consensus of professional
groups and committees authorized to compose principles of practice.

When we make decisions we always go beyond the bare facts and use lan-
guage and ideas that cannot be resolved entirely by scientific or objective meth-
ods. Nevertheless we can think objectively to some degree in ethics. Thinking
objectively in ethics is usually characterized by

*  Being reasonable and not doctrinaire

*  Listening actively to others

*  Letting the best reasons determine judgments

*  Staying close to the practical issues at hand on which consensus is possible,
while avoiding larger philosophical issues on which disagreement is likely

*  Remaining calm and optimistic in the face of controversy

*  Being realistic about the situations and choices that we face

*  Considering the approaches of other cultures involved in the situation

Ethics can be challenging in that its statements and discussions are less precise
than the language of scientific discussion and open to persistent controversies.
Nevertheless we all need to have a sense of integrity and meaning in our daily
lives, and there is no way to achieve this without considering our actions in a
broad moral context.

HISTORY OF ETHICS IN ENVIRONMENTAL HEALTH

The environmental health professions are diverse and still in the process of acquir-
ing a common sense of identity. So formal statements of environmental health
ethics are in formation and draw on diverse sources. This section sketches the
history of environmental health ethics and identifies some of its sources.

Reflection on the connections among health, the environment, and ethics
has an ancient history. In classical times, scholars reflected on the relationship
of humans to the Earth and debated the extent to which the Earth was created
to provide its bounty for human welfare and the extent to which humans have
a responsibility to perfect nature for human use. Medieval reflection considered
whether environmental damage to the Earth resulted from human sins, and early
modern reflection, as science and industry entered their infancy, considered the
prospects for human domination over nature (Glacken, 1973).

Modern environmental health has a varied and complex professional
structure, dating from the development of statistics and health surveillance in
the seventeenth century; the rise of demography and macroeconomics in the
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early nineteenth century; the occupational health, sanitarian, and public health
movements of the nineteenth century; and the modern medical revolution of
the early twentieth century (Porter, 1999; Rosen, 1993). The twentieth century
was also marked by rapid growth in the number and specialization of all health
professions.

Many environmental health professional organizations formed during the
early and middle years of the twentieth century. Most of these were associated
with industrial and occupational health. One of the first medical subspecialty asso-
ciations was the American College of Occupational and Environmental Medicine
(ACOEM), founded as the American Association of Industrial Physicians and
Surgeons in 1916. The American Association of Occupational Health Nurses
(AAOHN) was established in 1942 as the American Association of Industrial
Nurses. As the environmental revolution took off in the 1970s, many new envi-
ronmental agencies were founded (such as the U.S. Environmental Protection
Agency). Environmental regulation widened, along with rapidly increasing rec-
ognition of environmental problems. These developments spurred the creation
of new environmental health professions.

Professional Codes of Ethics

The development of ethics in environmental health is closely associated with the
growth of ethics in the health professions generally. Although each profession has
its own approach to codes, oaths, and ethics statements, all tend to share a set of
common concerns and principles (Exhibit 7.1).

EXHIBIT 7.1
Typical Elements of Professional
Codes of Ethics

. Dedication to service to the client

. Respect for other professionals

. Assurance of high levels of competence

. Protection of confidentiality

. Performance with honesty and integrity

. Avoidance of conflicts of interest

. Informed consent and cooperation with clients
. Service to the community

. Promotion of the profession itself
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Professions adopt ethical codes because professionals

*  Provide a socially valued service, such as protecting the health of the
community.

*  Possess a high degree of autonomy at work as a result of their special expertise,
and are not easily supervised by others.

e Have a skill or craft that if incompetently conducted would be harmful.

*  Depend on the trust and confidence of clients to function effectively.

*  Need to cooperate with others toward common goals.

Each profession’s ethics code represents a consensus among leading members
of the profession. Although the statements in these codes are useful in organizing
the profession and public support for it, they remain subject to interpretation and
improvement. Codes are not static; they continue to be revised and recrafted to
clarify their meaning and to help professionals in making decisions.

Several ethics codes exist for professionals in environmental health. The
Code of Ethics for Members of the National Environmental Health Association
(NEHA, 2004) states that the goal of the environmental health profession is,
“To prolong life, eliminate and/or control disease, and create and maintain an
environment that is conducive to humankind’s full development.” The ACOEM
Code of Ethical Conduct (1993) sets a high priority on safety, scientific integrity,
and honesty. It emphasizes confidentiality and privacy of the individual worker
while balancing these needs with giving appropriate but limited information to
employers. (Many professional codes must find similar balances between some-
times competing interests.) It accepts a responsibility to let individuals and groups
know of work-related health risks and discusses chemical dependency and abuse.
The AAOHN Code of Ethics (AAOHN, 2004) reads very much like the Code
for Nurses of the American Nurses Association (ANA). It contains a nondiscrim-
ination statement, urges collaboration with other professions, protects privacy,
champions community service and public health, and urges members to maintain
competence and to participate in educational and scientific efforts. Like many
nursing professional codes, it promises that the professional will safeguard clients
and the public from unethical or illegal conduct. The American Public Health
Association adopted an ethics code in 2002. Although the principles of the APHA
code do not address the environment, the introduction includes a key clause rel-
evant to environmental health, recognizing that “[p]eople and their physical envi-
ronment are interdependent” (Public Health Leadership Society, 2002).

Ethical codes are valuable and should be read carefully. Their main purpose
is to indicate the general direction of professional purpose and commitment and
to express professional idealism while at the same time setting criteria that define
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minimal standards of conduct. So an idealistic environmental health professional
could, for instance, use such a code to support advocating tighter limits on the
release of particulate matter into the air (referring to a clause in a typical eth-
ics code regarding high-quality service to the public), whereas a licensing board
could use the same code to support criticizing a professional who accepted bribes
in order to suppress health data potentially costly to an industry (referring to a
clause requiring high levels of integrity or legal conduct).

When professionals must make decisions on hard cases, however, ethics codes
are of limited value. Codes represent a broad consensus, and realms of contro-
versy tend to be omitted. Codes have a way of focusing on the nitty-gritty details
of daily work and steering clear of the larger ideals of the profession. Because of
this limitation, additional fields of ethics have developed that address broad issues
of controversy and change. Two of these fields arose during the 1970s. The first,
the field of bioethics, was named around 1969 by Van Rensselaer Potter (Potter,
1971; Reich, 1995). Potter’s thesis was that biology and the humanities need to be
brought together to respect and to integrate human health and the environment
in order for humans to be able to survive the environmental crisis with dignity.
Intense theoretical and case study of the ethics of the health professions and clini-
cal care grew under the rubric of bioethics. Bioethics assumes that codes of pro-
fessional ethics need to be grounded in larger principles of ethics (see Exhibit 7.2

EXHIBIT 7.2
Selected Ethical Theories

Deontology. The position that individual autonomy is key, but that respon-
sible choice requires obedience to a common moral law (Kant, [1785] 1998).

Utilitarianism. The position that that act is right which maximizes the
likely balance of happiness over unhappiness (Mill, [1863] 1998).

Bioethics. A set of principles for health care ethics that emphasizes benefi-
cence (doing good), nonmaleficence (avoiding harm), respect for patient
autonomy, and justice (Beauchamp and Childress, 2008).

Feminist ethics. The principle of care, with a priority that process and rela-
tionships, not abstract principles, should dominate ethics (Clement, 1996;
Tong, 1997).

Religious ethics. Positions founded in traditions of belief and community

practices rooted in a personal perspective on the order of the universe, usu-
ally in reference to a God or gods.
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for selected ethical theories). It has also been influential in specifying details, laws,
and procedures that refine the concepts of respect for patients, confidentiality,
informed consent, care of the dying, and so on. As a result, codes of professional
ethics now tend to address these issues with increasing care.

The second field that addresses broad issues of controversy and change is
environmental ethics. Stimulated by the increasing rate of environmental
change and decline, ethical thinkers began in the mid-twentieth century to artic-
ulate new and revolutionary ideas about the human relationship with nature.
Three important concepts in this field are

* Sustainability and resilience, which place limits on human activity in order to
respect long-term consequences to the natural world and future generations

* Global health, which places local health concerns in an interconnected global
context

Because environmental consciousness has grown in the last century and is
changing rapidly, the environmental health professions are just beginning to inte-
grate these ideas into professional codes and position statements. In 1990, for
example, McCally and Cassel asserted that the medical profession must begin
to accept more global environmental responsibilities. The environmental health
professions are beginning to take the same position (World Health Organization
(WHO), 1989).

A number of groups in civil society actively promote environmental aware-
ness in the health professions and sciences. Among these groups are the Canadian
Association of Physicians for the Environment (CAPE), Health Care Without
Harm (HCWH), the Science and Environmental Health Network (SEHN),
Hospitals for a Healthy Environment (H2E), Physicians for Social Responsibility
(PSR), Union of Concerned Scientists (UCS), and many others. Major environ-
mental groups, such as the Environmental Defense Fund, the Natural Resources
Defense Council, and the Sierra Club, have human health platforms or pro-
grams, or both. Churches and religious groups are becoming increasingly active
in addressing environmental health issues and promoting public action. Virtually
all of the major religions have active environmental programs, and this work is
complemented by ecumenical groups such as the National Religious Partnership
for the Environment, the Evangelical Climate Initiative, and Interfaith Power
and Light.

The environmental responsibilities of health professions are often expressed
in position statements separate from codes of ethics, sometimes by the profes-
sions themselves and sometimes by activist groups. Statements by major social
groups on environment and health are especially useful, inspiring, and clarifying,
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EXHIBIT 7.3
Examples of Consensus Statements

From the Earth Charter

From the Rio Declaration on Environment and Development

The resilience of the community of life and the well-being of humanity
depend upon preserving a healthy biosphere with all its ecological systems,
a rich variety of plants and animals, fertile soils, pure waters, and clean air.
The global environment with its finite resources is a common concern of all
peoples. The protection of Earth’s vitality, diversity, and beauty is a sacred
trust [Earth Charter Initiative, 2000].

Human beings are at the centre of concerns for sustainable development. We
are entitled to a healthy and productive life in harmony with nature [United
Nations Conference on Environment and Development (UNCED), 1992].

For example, the Declaration of the Environment Leaders of the Eight on
Children’s Environmental Health (Environment Leaders of the Eight, 1997)
states, “We increasingly understand that the health and well-being of our families
depends upon a clean and healthy environment.” The Earth Charter provides an
important statement promoting a unified struggle for both human and environ-
mental health, as does the Rio Declaration on Environment and Development
(see Exhibit 7.3). Such statements not only add specificity and idealism to the
environmental health professions but also lend authority to their actions and
recommendations.

Indeed, the world faces a global environmental crisis. The human popula-
tion (6.7 billion in 2009) continues to grow, even though it is beginning to level
off as decreasing birth rates and increasing death rates approach equilibrium
(see Chapter Nine). Globally, we live (or aspire to live) at a level beyond the
Earth’s capacity to sustain itself (Hails, 2008; Wackernagel and others, 2002). A
deteriorating global environment is an inevitable consequence (United Nations
Development Programme, United Nations Environment Programme, World
Bank, and World Resources Institute, 2000), with deeply worrisome implications
for public health, including environmental health (Weisman, 2007; Diamond,
2005). Many environmental concerns operate “upstream” from health problems,
and have multiple and widespread effects. Global climate change is the prime
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example of such a problem; it could conceivably wipe out much of the human
population and yield a very different Earth in the next one hundred years or
so (Lynas, 2008). Given that environmental health professionals often focus on
specific, relatively manageable environmental health problems, what should the
broader ethical principles of environmental health work look like?

GENERAL PRINCIPLES OF ETHICS

Most environmental health work involves population health and the relation-
ships of populations to the environment. Accordingly, environmental health ethics
needs to be somewhat different from traditional individual-centered professional
ethics, as illustrated by the seven environmental health ethical principles outlined
in the following sections: sustainability, healthfulness, interconnectedness, respect
for all life, global equity, respectful participation, and realism.

Sustainability

Conduct environmental health work in such a way ~ “An acceptable system of ethics is

that it meets the needs of both the present and future ~contingent on its ability to preserve
generations. the ecosystems which sustain it.”

This statement of the principle of sustain- —Elliott, 1997

ability derives from language used by the World

Commission on Environment and Development (1987), often referred to as the
Brundtland Commission, to describe sustainable development: “development that
meets the needs of the present generation without compromising the needs of future
generations.” Both statements indicate that ethical discussion needs to be multigen-
erational in scope. Why is this principle important to environmental health?

*  Many environmental health technologies and projects, such as those dealing
with sewage, agriculture, bridge and levee construction, energy production,
and nature restoration, are designed to serve multiple generations.

*  Human health needs are lifelong and relatively stable, so considering health
over the normal life span commits us to planning for most of a century.

* We care about the future welfare of humanity, and people in the future will
have similar health needs and concerns.

¢ Many of the health problems of our own children can only be solved by
addressing the blunt end environmental problems affecting the lives of all
children.
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*  Currently, Earth’s declining ecosystems are profoundly reducing the ability of
the environment to support human health. These declines are taking place in
time frames of decades to centuries.

So environmental health professionals must think for the future as well as the
present and press their clients to do so as well. A concern for sustainability has
three immediate implications for environmental health practice.

First, methods of cost accounting that discount the future should be avoided.
Discounting tends to diminish the significance of events a few decades ahead to
nothing, when in fact they are significant and may become irremediable unless we
take present action. The significance of the long term has also been expressed in
more cultural and religious terms, such as the Iroquois injunction to consider the
effects of current actions on the seventh generation yet to come (LaDuke, 1999).

Second, the full life cycle cost of environmental health measures must be
included. Life cycle costs stretch from costs of extracting and processing the
materials through the costs of transporting, packaging, and using materials and
products to the costs of disposing of supplies, tools, equipment, and buildings
when they are retired. So, for example, if a municipality plans to build a sewage
plant, it must consider not only local health benefits but also the carbon cost to
the atmosphere of fuel expenditures to process the sewage and the environmental
costs of mining and harvesting materials, producing energy, and shipping sup-
plies in order to build the plant in the first place. As another example, many of
the proposals to build new alternate energy sources involve using materials that
are potentially toxic, such as the silicates and rare earths used in solar energy
collectors; environmental health professionals need to anticipate potential health
problems and help to reduce their impact. Once the full environmental costs are
considered, initially attractive projects may not prove to offer the best long-term
approaches to public health.

Third, many have observed a strong correspondence between the wealth of
a nation and the average health of its citizens (World Bank, 1993). However, if in
maintaining the current welfare of its population, a nation overburdens its envi-
ronment or the environments of other nations and of the globe, that nation will
undermine everyone’s health in the long run. Thus immediate health gains must
be judged within limits set by long-term sustainability. To achieve sustainability
in the long term, it may be important to change current practices significantly;
thus some prefer to use the term resilience, which emphasizes the dynamic side
of sustainability.

Finding the right economic and public policies to address sustainability is
a challenge. As Garrett Hardin (1968) pointed out in a classic article, sharing
the global commons without rules limiting consumption inevitably results in a
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decline of the commons. Some have argued that privatization of parcels of the
commons will tend to protect resources better, but ownership of property in a
market society does not necessarily protect resources because resources must
ultimately be sold to pay for investment in the property and owners are not
necessarily farsighted.

Healthfulness

The health of humans and the environment needs to be  “Ecological medicine is a new field
restored, balanced, and harmonized. of inquiry and action to reconcile
We should think not just of improving the care and health of ecosystems,

human health but of improving human health ~ populations, communities, and
individuals.”

in the setting of a healthy global environment.
—SEHN, 2002

Careful thinkers have rightly noted that the
meaning of the term /ealth cannot be as read-
ily applied to the natural environment as to humans. It is not immediately clear
what a healthy polar landscape should be like, nor is a polar landscape friendly
to humans. Yet as noted earlier, ethics concepts are meant to link values into a
coherent whole, and healthy ecosystems are necessary to maintain human health
in the long run. Thus the use of such toxic substances as cleaners, pesticides, and
herbicides poses a dilemma for environmental health practice. Although these
substances may protect human health in the short run, they may damage the envi-
ronment in the long run. So in addition to their indirect toxic effects on humans,
their impact on the environment can also harm human health.

Moreover, we should think in terms of the restoration of human and environ-
mental health. In many parts of the world, human and environmental health are
declining in tandem. Africans bear the cost of many of the environmental prac-
tices of the developed nations, and some African regions have fallen to radically
low levels of life expectancy. Some island nations are experiencing hurricanes,
floods, landslides, and chronic salinization of agricultural and forest land due to
climate change.

However, health is only one value among a panoply of ethical values. Many
individuals have willingly sacrificed their own health to serve larger community
purposes. Most societies generally give higher status to other values, such as lib-
erty, justice, and service. Nevertheless, health is one of the most basic human val-
ues and 1s especially important as a measure of the welfare of the population as a
whole. Moreover, healthiness is good in itself. It is a feature of the abundance and
thriving of life and not just a means to accomplish other social ends. Thus
an environmental health professional should speak to the key value of health
and the dependency of achieving other values on health, while recognizing that
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health is not the only value. This means that environmental health work requires
collaborating with others to harmonize health values with other cultural and
community goals.

Interconnectedness

“Health depends on everything, all  Environmental health actions have far-reaching consequences.

the time.” A strong sense of interconnectedness does not so
—Evans and Stoddart, much constitute a rule of ethical rightness and wrong-
2003, p. 374 ness as it speaks to the basic concept of moral respon-

sibility. Much of modern ethical philosophy has been
dominated by the notion that the moral responsibility of each individual can
be separated from the needs and concerns of others (Mill, [1869] 2003; Lane,
Rubinstein, Cibula, and Webster, 2000). Indeed, much has been achieved and
won on the basis of individualism and individual rights. And the protection of
the individual, and his or her capacity to meet his or her needs, from the weight
of collective social needs continues to be essential.

However, the doctrine of individualism has overemphasized the satisfaction
of personal wants as a basis of happiness, at considerable environmental cost. In
actuality most of us are happiest when we work with others in the service of our
families, communities, and meaningful social goals. So a substantial element of
an individual’s life is a sense of responsibility and connectedness. In fact, one can
imagine a modern ethics based on the idea of the maternal-child bond or of fami-
lies, rather than on the image of the isolated single (male) individual (Ruddick,
1989). At the root of individual choice are our responsibilities and our interest in
the care of others, not simply our personal satisfaction.

Interconnectedness has long been a central message of many religions, which
see all humans as being related through a relationship with God. Temporal inter-
connectedness has also been emphasized in religions through their appeal to thou-
sand-year traditions, an afterlife, and a cosmos ordered through an eternal deity.
It 1s also expressed in a sense of care for children through multiple generations,
care for the vulnerable, and a sense of service to community. Religions also make
modest consumption meaningful by redirecting attention from material things
to families and communities. Most traditional religions have endorsed modest
consumption in one form or another (Durning, 1992, p. 144). At the same time,
religious practices may or may not be green. On one hand, large meeting spaces
in churches can be costly in energy consumption, cremation puts carbon in the
atmosphere, and pilgrimages may require transportation. On the other hand,
vegetarianism helps to reduce the methane output of agriculture, anti-iconic tra-
ditions reduce the material costs of churches, and so on.
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Our sense of interconnectedness has been greatly amplified by our increas-
ing understanding of the Earth as a coherent ecological system (Lovelock, 1979).
For many in the environmental movement, this is largely expressed by aware-
ness of the strong biological and physical interconnections among Earth’s
ecosystems:

*  Greenhouse gases released in the Northern Hemisphere spread everywhere,
including the Southern Hemisphere, with the result that those least responsi-
ble for climate change suffer most from its effects (Patz and others, 2007).

*  Tertilized agricultural areas of the Midwest release nitrogen into rivers; this
nitrogen then overloads and kills areas of the Gulf of Mexico.

+  Toxic chemical pollutants, such as dioxins, can be found in the ice and snow
of polar regions.

*  Streams and groundwater in the United States show detectable levels of
antibiotics, caffeine, fire retardants, estrogens, and other complex medical,
agricultural, and industrial chemicals (Kolpin and others, 2002).

¢ Much of the lead pollution in Europe is attributable to the use of lead in
pipes and other technologies in ancient Roman times. Not only is the world
spatially interconnected, it is interconnected over long periods of time
as well.

* No longer can physicians diagnose fevers, rashes, and diarrhea in the
Midwestern United States without considering the possibility of distant
sources of disease.

Interconnectedness is not only biological and physical. It is social and eco-
nomic as well. The combination of travel, immigration, trade, and transportation
has led to a high level of exposure in all populations to diseases that may have
had their origins anywhere on the globe. Likewise, global environmental prob-
lems require international and global political and economic solutions. One of
the important achievements in environmental health in recent decades was the
1987 Montreal Protocol on Substances That Deplete the Ozone Layer (United
Nations Environment Programme, 2000), which limited the use of chlorofluoro-
carbons (CFCs) and other chemicals damaging to stratospheric ozone. Although
the Earth’s protective ozone layer is still vulnerable, it is believed that this inter-
national agreement has done much to reverse a dangerous situation. Many other
international treaties, agreements, and statements have addressed environmen-
tal and health issues. Numerous international nongovernmental organizations
(NGOs) are active in environmental health areas and are influencing environ-

mental health globally.
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Respect for All Life

Environmental health work should be conducted with respect for both human and
nonhuman life.

Respect for human life and proscriptions against taking it are nearly universal
in human culture. Similarly, respect for animal life is widespread and ancient.
It appears strongly in Hindu and Buddhist doctrines. And respect for all life is
experiencing a rebirth in Western ethical traditions, which have tended during
the modern period to subordinate the natural world to the needs of humans and
to permit its open-ended exploitation (White, 1967).

A debate has raged among environmental philosophers in recent decades
over whether the value of nature depends on its value to humans or whether
nature has value independent of human welfare. This is a complex and significant
debate, with consequences for choices that environmental health professionals
must make. On the side of anthropocentrism is a perspective that views us
humans as focused on meeting our own needs and limited in our ability to care
for nature in itself. This perspective holds that it is unreasonable for us to respect
ethical rules that consider Earth’s welfare apart from our own. Anthropocentric
arguments in defense of nature ultimately rest on the impact of the natural
world on humans. The nonanthropocentric approach regards humans as one
species situated among others in Earth’s larger ecosystems. Nonanthropocentric
approaches to nature emphasize its complexity, long history, capacity for adapta-
tion and change, beauty and splendor, and potential for growth and change far
into the future. Humans, such a theory might claim, are on Earth in part to care
for the natural world, much as Plato ([c. 360 BCE], 1992) argued that a guardian
class was expected to care for the society it served.

Some nonanthropocentric theories emphasize the sentience of other spe-
cies (why, if causing unnecessary pain is unethical, shouldn’t the pain of a baby
octopus also be considered?) and the fact that many animals seem to act with
intention or purpose, such as to protect themselves and their young (Singer, 2002).
However, nonanthropocentric theories do not necessarily rest on the sentience
of individual animals. They may also rest on a sense of the coherence of the
natural world as a whole and as a changing, reactive network of many beings, sen-
tient or not. Indeed the vast bulk of living things are (apparently) not conscious.
Microorganisms alone outweigh humans by tens of thousands of times. Plant
biomes, plankton, fungal structures, worms, barnacles, and the many senseless
creatures of nature make up most of the biological world. It would be foolish of
humans to underestimate the importance of these organisms, not only to human
health but to the health of other sentient earthly beings as well (Darwin, [1881]
1966; Quammen, 1988, pp. 10-16).
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Religious positions vary widely on this debate. Although most religious
thought maintains a steady focus on humans and human communities (seldom
even including much on domestic animals), they do not differ from modernity
in this way. Indeed, some nonreligious environmental works have much of the
flavor of, and closely parallel, religious discussions of duties to nature (Naess,
1973; Leopold, 1949; Lovelock, 1979; Berry, 1990; Fox, 2006). Religions have
the capacity to propel environmental concern by seeing nature as God’s creation,
and so religious thought has expressed environmental duties through the notion
of stewardship (Bernstein, 1998; Hill, 2006; Tucker and Grim, 1994).

Indeed, care for the Earth can be raised to a high religious order, where
the Earth itself becomes the main locus of worship, as it is in some versions of
paganism.

The anthropocentric versus nonanthropocentric debate is heartfelt and often
leads to differing positions on environmental health issues. Differences are to a
degree reflected in what one regards as an environmental health problem. Most
anthropocentric in perspective are those who deal with the health hazards and
toxicities of the built environment, with concentration on social determinants of
health and the most controllable and immediate factors in health, and those who
regard environmental concern as a distraction or even threat to justice. Others
are conscious of the effects of toxics on the natural world and the consequent loss
of nature’s services to humans. An even larger view would consider the effects of
toxics on the wilderness (especially the hazards of loss of pollinators to wilder-
ness projects). A concern for climate change tends to mix all of these concerns,
because this change affects both humans and wilderness into the future.

Nonanthropocentrists are likely to favor nature restoration, even where
human health risks are involved. Good examples are the debates over major car-
nivores. Some naturalists would like to see wolf and tiger habitats preserved and
restored, even though this involves risks to human beings. If the loss of habitat for
polar bears and walruses were the only harmful consequence of climate change, it
would be hard to motivate the significant public commitment needed for climate
mitigation. Another good example is wetlands restoration. For environmental
and health reasons, including protection of the hydrologic cycle, one may want to
restore wetlands. But wetland restoration also tends to encourage the breeding of
mosquitoes, notorious vectors of disease. The anthropocentrist would likely take
fewer risks on behalf of mosquitoes than would the nonanthropocentrist.

These two sides, however, have much in common. Whether for the sake
of humans in the long run or for nature itself, both consider maintenance of a
healthy natural world as key. Both sides oppose the notion that human health is
best protected by eliminating all predators and oppose using any means, however
toxic to nature, to promote human development. So the anthropocentrism debate
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need not be resolved for environmental health activists to speak strongly on behalf
of the natural world.

The middle ground in this debate takes various forms. One course, as dis-
cussed in Chapter Twenty-Four, is to emphasize the positive effects of exposure
to the natural world on human health. This view can be seen as arising in part
from humans’ love of the living world, what E. O. Wilson (1984) has termed
biophilia. If it is in our nature to love the natural world, then it is simultaneously
in our interest and our duty to care for it. Another middle course is to set priori-
ties (Shrader-Frechette, 1991). In this view, we should seck first to meet the needs
of humans, which include basic human health. Then we should meet the needs
of nature. Then, if it does not damage the needs of nature, we can also seek less
necessary goods for humans. However, there are three important limitations to
this approach:

*  Human needs must be met in ways that tread as lightly as possible on the
needs of nature.

*  Basic human health needs must be understood to be founded on a healthy
natural environment.

*  The shift to economies that focus on basic goods will require an immense
social and philosophical struggle.

Global Equity

LEuveryone ts entitled to just and equal access to the basic resources needed for an adequate and
healthy life.

Modern ethical theories do not privilege the needs of one person or com-
munity over another. Because humans are interconnected on a limited planet and
have roughly equal needs and capacities, it 1s difficult to justify anything but mod-
est and equal access to basic resources, especially those in the global commons,
such as the atmosphere, the oceans, our genetic heritage, and the wilderness.

Arguments that justify differential access to resources usually rest on our local
power to influence events close to us, our history of ownership and contribution
to society, our specific needs and handicaps as individuals, and the role each of us
plays in neighborhoods and communities. Most philosophers would justify some
level of difference in access to resources in order to reward meritorious contribu-
tions to the community and to discourage harming it. How much difference to
tolerate and how to reconcile conflicts over activities that allocate environmental
benefits and burdens is subject to debate.

Inequality is harmful to public health. Stratified societies excite envy, hinder
self-expression, and tend to create conditions so limited for some that they are
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unable to meet their basic health needs. Thus among wealthy nations the aver-
age level of public health corresponds less to the average level of wealth than to
the average level of economic equality (Wilkinson, 1996). Overprivileging one
group 1in relationship to another is probably unhealthy for both groups. For
the group left in poverty the environmental health risks are obvious. But for the
comfortable there are the risks of overconsumption (such as inactivity and obesity)
and the less tangible costs of guarding and justifying their positions. Equality, even
apart from its ethical strength, is a public health measure. As a result, environ-
mental health professionals need to consider

* How economic schemes to promote health, such as industrial developments,
also affect income inequality.

* What the costs are to others of environmental measures that benefit specific
populations.

For example, if a hospital is to be kept clean with strong antibacterial agents,
it is important that these agents not be caustic or carcinogenic to the workers who
handle and apply them (Pierce and Jameton, 2004).

On a larger scale, a recent WHO commission report on global social deter-
minants of health linked health equity with climate change in its major recommen-
dations: “Ensure that economic and social policy responses to climate change and
other environmental degradation take into account health equity” (Commission
on Social Determinants of Health, 2008, p. 4). The report also noted that
because of the environmental decline with which it is connected, economic
growth may not be the key to reducing inequalities: “Coupled with the con-
straints on global growth associated with climate change, and the disproportion-
ately adverse net impact of climate change on the poor, this casts serious doubt
on the dominant view that global growth should be the primary means of poverty
reduction. Rather than growth, policies and the global economic system should
focus directly on achieving social and environmental objectives” (p. 120).

Ethically speaking, considerations of equity cross national borders. People
worldwide share both an entitlement to Earth’s resources and the obligation to
protect them. Global health and income inequality are among the greatest
problems the world now faces (Farmer, 2003). Although the World Bank in 2008
reported substantial progress in alleviating poverty globally, rapid rises in food
prices undermined these achievements (Chen and Ravallion, 2008). Accordingly,
when local decisions have global consequences, the equity considerations may
also be global. For example, in the American Midwest an environmental health
activist not only might fight for filters and scrubbers on a new coal-fired electric
power plant but also might oppose building the plant at all. A new coal-fired plant
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would increase the burden that Midwesterners place on the Earth’s atmosphere,
a resource that the developed world already exploits disproportionately. Iurther,
greater local public health gains might be achieved by stressing a reduction in the
consumption of electricity and restoration of prairie regions to support wildlife.

One activist group has proposed an outline of distributive targets in order
to establish an equitable order for mitigating climate change. EcoEquity has pro-
posed the Greenhouse Development Rights plan (Baer, Athanasiou, Kartha, and
Kemp-Benedict, 2008). This and similar proposals hold that to achieve equity in
mitigation, the lion’s share of fossil fuel reductions must take place in the devel-
oped world. On an optimistic note, several countries (India, China, Brazil, South
Africa, and Mexico) committed themselves to equity goals in their support for
climate change mitigation after the G8 meeting in the summer of 2008. These
countries stated: “Negotiations . . . , including a long-term global goal for green-
house gases (GHG) emissions reductions, must be based on an equitable burden
sharing paradigm that ensures equal sustainable development potential for all citi-
zens of the world and that takes into account historical responsibility and respec-
tive capabilities as a fair and just approach” (Third World Network, 2008).

Respectful Participation

Respect the considered and responsible choices of stakeholders, whether individuals or organiza-
tions (adapted from Lambert and others, 2003).

Those with a stake in environmental health need to participate in the deci-
sions of environmental health professionals. We can generalize about common
human health needs, but individuals and organizations have widely varying inter-
pretations of their own environmental health needs. This presents difficulties
for environmental health professionals asked by their clients to support unwise
choices.

Perhaps the problem of disagreement with patients, employers, and stake-
holders is best resolved through the concept of leadership. When consulted, a pro-
fessional with environmental health expertise is expected to lead others to what
the profession would recommend as the healthiest course of action. However,
leadership must be balanced. One must chart a course between paternalism,
that 1s, coercive leadership, and abandonment, that is, failing to give direction.
Working with stakeholders with whom one disagrees calls upon a professional’s
deepest skills and sensitivities.

One key way to reconciling potential conflicts between individual choices
and professional recommendations is to press for the right to know. Although the
principle of the right to know takes many forms, its main thrust is to urge that
people who are affected by environmental hazards and toxins should be made
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aware of the nature of the risks to which they are exposed. This principle has
many advantages. Assuming that we are reasonable, we can make our own deci-
sions about the risks to which we are exposed. Such communication builds trust
among all parties. It also affords the opportunity, for those of us who prefer to do
so, to operate more independently. The principle of the right to know strengthens
when the hazards to which individuals are exposed are great.

This principle has some weaknesses and complexities. Realistic risk assess-
ment is often intellectually and emotionally difficult. Some information is propri-
etary and confidential, so the right to know must be weighed against the rights
of those who own information or who feel exposed to legal or economic risk if
information is disseminated. Some information has been distorted by the media,
as 1s the case with climate change, with the result that reasonable people may
confidently hold false beliefs. Moreover, some information involves complex and
unpredictable risks for a wide community, as in the case of environmental genom-
ics, and so it 1s difficult to know who should be informed and whether some would
prefer not to know or hear about dangers from which we can do little to protect
ourselves (Beritic, 1993; Michaels and others, 1992; Sattler, 1992; Jardine and
others, 2003; Beierle, 2004). Moreover, what is known or discovered may affect
people with whom the environmental health professional lacks a relationship.
Although the needs of those who employ or consult the environmental health
professional should presumptively be foremost in the professional’s consideration,
professionals can educate their clientele about the need to weigh seriously the
environmental costs to others and the need to make responsible choices. More dif-
ficult 1s knowing what to do when the environmental health professional encoun-
ters clients’ needs that conflict with the community’s. Although some ethicists
argue that professional ethics requires the environmental health professional to
insulate the client as much as possible from outside concerns, the spirit of envi-
ronmental health recommends striving to work in an interconnected manner with
the larger community.

Realism

Environmental health ethics should be founded on a realistic understanding of the health sciences
and the risks and benefits of proposed activities and investments (adapted from Weed and
McKeown, 2003).

Our discussion concludes with this principle because the strong emphasis in
the earlier sections on the fate of the Earth’s environment may make the princi-
ples discussed so far seem idealistic and unrealistic. However, they are realistic;
the Earth and its human population are facing a wrenching crisis of resource lim-
its, increasing poverty, and health threats. A realistic ethics takes these concerns
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into account and expresses them explicitly in the ethical commitments of the
environmental health professions. And even if these principles are somewhat ide-
alistic, we must remember that ethical principles are supposed to be idealistic,
so that we can strive to do better than we would otherwise. Not being perfect or
not achieving the maximal good is not a failure; it is ethically adequate to do the
best one can.

Ciritics of health activists often argue that economic and political realities
stand in the way of health improvements. A company may argue that it is too
expensive to protect workers’ health or to make a safer product. However, the
history of many environmental and health campaigns shows that economic and
political actors can adapt to the needs of the public and the environment. The
point of economics and politics is not that humans should serve the economy and
society first. The responsibility is the other way: economics and politics need to
adapt to serve the health needs and ideals of communities. Resource limits are
real; appreciating the Earth’s limits is thus part of realism and not simply a defeat-
1st provocation against economic development. Meeting the basic health needs of
humans is not necessarily elaborate or expensive. It is ethically more fundamental
that these needs be met than that grander visions be realized (Maslow, 1970). It is
clear that humans now consume more in a year than the Earth’s natural processes
can replace during the year. Some societies clearly consume more than others. A
rough measure, the ecological footprint, estimates each person’s use of global
resources. Judging by their footprint, North Americans consume on average at
least five or six times what the Earth can provide for the entire human popula-
tion at the same level of resource consumption (Venetoulis and Talberth, 2005).
As global population grows, the environment declines, climate change continues
apace, and energy resources become more expensive, it will become very difficult
to maintain the environmentally costly lifestyle of the average North American.

This will be very challenging for environmental health professionals and activ-
ists. Those aware of environmental health issues and the human dependence on
nature will need to educate the population in how to continue to maintain health
in a less abundant environment. This will require technological innovation, but it
will also involve shifting to philosophies of wellness that include both a philosophy
of prevention and a more global sense of how to live well on limited resources.

Realistic risk assessments are also needed in environmental health ethics.
Many analyses omit modernity’s full costs and the difficulty in managing the
environmental risks of otherwise beneficial activities. For instance, many people
believe more oil and coal are needed to promote public health and welfare, but
the resulting climate change from greater oil and coal consumption is likely to
defeat progress (Martens and McMichael, 2002; see also Chapter Ten). Some
believe that nuclear power will be needed to replace fossil fuels; yet the proliferation
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of nuclear waste materials is an unsolved health and security risk (Lovins and
Sheikh, 2008). Technological optimists should examine whether the risks of new
technologies can be managed over the relevant periods of time, particularly the
vast time scales of nuclear technologies. Such revision in modern technological
progressivism has already resulted in the increasingly widespread adoption of the
precautionary principle as a mode of realistic risk assessment. The precau-
tionary principle states that “when an activity raises threats of harm to human
health or the environment, precautionary measures should be taken even if some
cause and effect relationships are not fully established scientifically” (SEHN, 1998;
Raffensperger and Tickner, 1999). This principle

*  Recommends better study of the risks of industrial innovations before each
new practice or new chemical becomes widespread. For example, those
opposed to the development of genetically modified organisms (GMOs) are
concerned that these may make potentially disastrous nonpoint sources of
toxins if not properly managed.

»  Shifts the burden of proof so that proponents (such as manufacturers) must
demonstrate that a practice is safe and sustainable, rather than requiring
critics to prove it 1s not.

*  Assumes that it is more important to avoid harm than to incur benefits.

*  Takes a long-term view.

*  Presumes a certain amount of historical and sociological knowledge about
the management of toxic materials and risks. Although the risks of a technol-
ogy may be readily managed in a tightly controlled test environment, they
often increase when the technology becomes widely used.

CONTROVERSIES IN ENVIRONMENTAL HEALTH ETHICS

Because environmental and health concerns are involved in most human activi-
ties, many ethical questions, dilemmas, and controversies arise in environmental
health ethics (see Exhibit 7.4 for a brief list).

These controversies share several similarities. Ethical doubts, dilemmas, and
struggles tend to arise when the following elements are present:

o New technologies with uncertain risks. New technologies notoriously generate
unexpected effects (Tenner, 1996). People may reasonably differ over whether
the risks are known, whether they can be well managed, and whether those
developing or using the technology can be trusted.
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EXHIBIT 7.4
Case Problem Areas

Air pollution. How should we balance the health costs and the benefits of
air-polluting activities, and deal with the politics of risk estimation, the involve-
ment of multiple jurisdictions, and uncertainties about health risks?

Water pollution. How can the focus on upstream and downstream ownership
be turned to a focus on clean water for all? How should we apply what we are
learning about the tensions between groundwater and surface water? How do
we face the reality that human uses of water are in conflict with natural habitats?

Vegetarianism. This is a healthy diet with the least environmental impact, but
how do we cope with the fact that it is culturally unacceptable in many parts of
the world?

Cultural conflict. Many cultures prize activities that are in conflict with both
health and the environment. How should health be prioritized in relationship
to other cultural values? How do we deal with the dilemma that, for example,
driving automobiles and watching television at current levels is not good for us
or our world?

Fossil fuels and climate change. How should the short-term gains of using
fossil fuels be weighed against major long-term losses (not only from climate
change but also from the toxicity of fossil fuels)? As the environmental urgency
to limit fossil fuel use increasingly challenges our capacity for rapid social
change, how shall we maintain active advocacy for change in balance with
increasing pessimism?

Genetically modified organisms. Is it acceptable to copyright living
material? Are particular modifications appropriate? How will we deal with
unexpected health risks and confront the lack of trust among all the parties
involved? How can we direct genetic modifications in directions that reduce
human conflict with the environment, and how can we prevent their deliberate
misuse as new weapons technologies?

Nuclear power. This would be the solution to our energy problems except
that we need to ask, What are the risks of nuclear materials being used for war

o Social relationstups with predictable conflicts. Confidentiality, informed consent, and
environmental justice problems all arise from controversies over respectful
treatment of others. These problems are by no means confined to environ-
mental health issues.
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or terrorism, and can we solve the problem of safely sequestering radioactive
wastes for tens of thousands of years?

Pesticides. Surely we need an ample food supply, and we compete with
weeds and insects for food, but what are the health and environmental costs
of releasing billions of pounds of toxic materials into the environment? For
instance, a controversy has arisen about resuming the use of DDT to control
mosquitoes that spread malaria (See Chapter 17, pp. 626-627).

Slaughter of animals. To decrease the risk of pandemic flu, millions of
domestic animals have been slaughtered in Asia and elsewhere. Is this
excessive, since killing animals is wrong? Consider the somewhat different cases
of culling deer or wild horses.

Obesity, undernutrition, starvation. The existence of these
conditions reveals a problem in environmental justice. Indeed, should we
be regarding many of the conflicts of the world as between the fat and the
undernourished?

Environmental exposures and the human genome. Should we conduct
genetic testing of job applicants and allow only those most resistant to toxic
materials to work in certain occupational environments?

Confidentiality, informed consent, and the right to know. How shall
we collect needed epidemiological information without invading the privacy of
individuals? To what extent should individuals be able to consent to
surveillance for environmental health purposes?

War. Is there any way to conduct human conflict without wrecking the pub-
lic health and environmental conditions in a region for decades thereafter?
Ironically and suicidally, while the world needs to abandon intensive use of
fossil fuels, violent regional conflicts are increasing over new fossil fuel sources,
including the now melting arctic.

Research ethics. When we ask individuals to subject themselves to experi-
ments for long-term human health gains, are we unfairly using them as a
means to an end? What is appropriate consent? What is appropriate oversight?
Is it fair to use individuals in particular communities for research when those
communities may never see the benefits of the research?

*  Risks and benefits that need to be rationally balanced. Some of the debates in this area
involve disagreements over the value of activities (Do we really need another
suburban hospital when the proposed building footprint diminishes local
food-growing capacity?). Some of the debates are simply over how to weigh
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risks rationally: How much more important are safety and avoiding harm
than finding new ways to benefit people? And mistrust among groups with
different interests makes it difficult to rely on common estimates of risks.

*  Competing goods. Health 1s one of many goods. All environmental health discus-
sions must take place in the context of commitments to other values, some of
which are difficult to harmonize with health.

o Cultural differences. Although there are many human universals, from the
maternal-child bond to poetry (Brown, 1991), different cultures tend to use
slightly different social concepts and to set out problems and arguments in
differing styles. Moreover, different geographic locations tend to expose peo-
ple to different environmental risks.

o Dufferent views of our place in and relationship to nature. While we debate our place
in nature, the global environment is deteriorating at an increasing pace.
Environmental health professionals need to consider how to balance service
to humans with protection of the environment.

*  Complexity. Many long-standing ethical debates persist simply because they are
complex and involve many parties, factors, and issues.

There is no magic formula, no final or ultimate ethical theory for resolving
moral problems. Because most environmental health issues involve a community
of people and the natural world, there will inevitably be ethics controversies.
This means that environmental health professionals need to work respectfully and
patiently with others to achieve the environmental health ideals for which they
stand. Because the natural world is in decline and maintaining global population
health is becoming more challenging, environmental health professionals occupy
an increasingly important place in the world and need to speak out clearly and
actively for their profession’s ethical ideals.

The environmental health professions have a potential for tragedy; population
growth, consumption, and environmental limits may well make environmental
health an impossible ideal. Although we should strive in everyday professional
practice to do the best we can over the long run, the codes of ethics and missions
statements of the environmental health professions lend only weak support to these
larger aspirations. One approach for professionals is to express their more idealistic
concerns in advocacy, in concert with any of the thousands of environmentally
active groups, a few of which were mentioned earlier. One great contribution envi-
ronmental health professionals can make is their professional knowledge, which is
very valuable to social action. A regrettable gulf in knowledge between activists and
professionals needs to be bridged if the environmental crisis is to be resolved.

In engaging in ethical activism, the key political aim is to seck the moral high
ground—the place from which one can articulate an ideal strongly enough that it
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has practical political and economic consequences (“Rules for Radicals,” n.d.).
Sound scientific knowledge is a component of the moral high ground. As the
environmental bottleneck narrows during this century, those of us in the environ-
mental professions will be forced, if we wish to occupy the moral high ground, to
become more active and to make our codes and principles more responsive to the
depth of the environmental crisis. Although this might threaten the potential for
organizational consensus, we must remember that as the crisis worsens, a consen-
sus will grow that major changes in practice and philosophy are needed. As the
world becomes more interconnected and our temporal perspective broadens, both
the need and the tendency to agree on common actions should increase despite
large philosophical differences among us. Professionals can draw inspiration from
the many leaders who have shown that what at first seems impossible can be
achieved through years of organization and dedication (McCally, 2002; Maathai,
2007; King, 2001; Gandhi, [1930] 2005; Debs, [1890] 2006). Increasingly our glo-
bal circumstances on Earth require faithfulness to the core foundations of ethics.

SUMMARY

Ethical issues are a constant feature of life.
Morals are the core beliefs that identify what
1s most important, valuable, or right with
regard to conduct and character. Ethics
refers to a more formal version of moral-
ity. In environmental health, important
moral values—reflecting the traditions

KEY TERMS

anthropocentrism ethics
bioethics feminist ethics
biophilia global health
deontology morality
ecological footprint morals

environmental ethics

of both bioethics and environmental eth-
ics—include sustainability, healthfulness,
interconnectedness, respect for all life,
global equity, respectful participation, and
realism. Several professional codes of eth-
ics are relevant to environmental health
practice.

religious ethics
resilience
right to know
sustainability

utilitarianism

precautionary principle
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DISCUSSION QUESTIONS

1. Why are some ethical principles stated in professional codes of ethics while
other principles are not? Look over one of the codes of ethics relevant to
environmental health. Would you add anything? Would you leave anything
out? Why? Also, should there be sanctions for those professionals who violate
their organization’s code of ethics?

2. What are some analogies between human health and the health of the envi-
ronment? What are some ways in which they are not analogous?

3. Hospitals incur public health risks (through power production, incineration,
cleaning agents, disposal of drugs and supplies, and so on). How should these
risks be balanced against health gains?

4. Select a debated issue in environmental health ethics. What are some of the
reasons (on both sides) that explain why the debate persists? Are there any
scientific facts that, if the parties knew them for certain, would likely settle
the issue for them?

5. Do you have some personal values that harmonize well with the professional
ethics of environmental health? Do you have some that conflict with these
ethics?

6. How might you go about reducing the ecological footprint of your personal
life? How might you relate your efforts to reduce your personal environmen-
tal impact to reducing the impact of your professional work and that of your
clients?

7. What ideas in our religious traditions help us to make concern for environ-
mental health paramount and meaningful?

8. What are some cases in which it would be ethical to encourage a stakeholder
to think beyond his or her immediate needs and to consider broader human
and environmental needs? What are some cases in which it would be unethi-
cal to do so? What are the broader social responsibilities of environmental
health professionals to advocate environmental health in the political, social,

and economic spheres?
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ENVIRONMENTAL JUSTICE

CHARLES LEE

KEY CONCEPTS

B Environmental justice is a movement that represents the convergence of civil
rights and environmentalism.

B Environmental justice is based on the concept that hazardous environmental expo-
sures have disproportionate impacts on people of color and poor communities.

B Environmental justice concerns extend beyond hazardous environmental expo-
sures to disparities in social determinants of health and in access to environmen-
tal assets such as parks, transportation, and well-designed communities.

B Collaborative and integrated problem solving at the community level is key to
addressing environmental justice concerns.
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NVIRONMENTAL justice represents the convergence of two of the
greatest social movements of the latter half of the twentieth century,
the civil rights movement and the environmental movement. (Other roots
of the Environmental Justice movement include public health, labor, farmworker,
and native land rights initiatives; see Faber and McCarthy, 2001). It is appro-
priate, therefore, that a comment attributed to the venerable civil rights activ-
ist Fannie Lou Hamer has come to embody the feelings of communities in the
environmental justice movement: “I am sick and tired of being sick and tired.” This
poignant plea by environmentally overburdened people of color, low-income, and
tribal communities in the United States reflects profound disappointment with
the status of their health, frustration with the public health community’s failure to
assist in improving their health, anger over the attitude of the many businesses
complacent about their regulatory obligations and unresponsive to the health
problems their neighbors face, and bewilderment at the government’s failure to
understand and correct these shortcomings. For many communities facing stresses
from factors beyond their control and living with a myriad of polluting facilities,
the affront is compounded by the impacts of racial and economic discrimination
(National Environmental Justice Advisory Council, 2004).
This chapter begins with a short description of the roots of the environ-
mental justice movement. It then explores three core concepts of environmental
justice, concepts at the nexus of civil rights and environmentalism.

o The meaning of disproportionate impacts, a concept originally centered on dis-
proportionate exposure and since expanded to encompass cumulative envi-
ronmental hazards, vulnerability, inequities in regulatory enforcement, and
disparities in socioeconomic status, power, and health.

o The legal, public policy, and research challenges inherent in the concept of environ-
mental justice, particularly those related to integrating civil rights and social
justice concepts into an environmental law paradigm.

o The community-based, collaborative problem-solving strategies and tools needed to
address the interrelated environmental, health, economic, and social con-
cerns of disadvantaged, underserved, and overburdened communities.

These three concepts are key to integrating environmental justice into
the mainstream of environmental and public health practice. (In addition, the

The views expressed in this chapter are solely those of the author. No official support or
endorsement by the Environmental Protection Agency or any other agency of the federal
government is intended or should be inferred. In addition, Charles Lee declares no competing

financial interests.
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environmental health and public health fields themselves need to unify; see Lee,
2002.) The first concept deals with issues of assessment—of environmental expo-
sures, of community assets and liabilities, and of disparities. It illuminates the
underlying complexities that the second and third concepts must address. The sec-
ond reflects the paradigmatic conflicts between civil rights law and environmental
law. If these conflicts are not recognized and addressed, then civil rights and
social justice concepts may be marginalized in environmental policy. Finally, the
third concept is strategic. As communities address complex environmental justice
issues with many stakeholders, collaborative problem-solving strategies and tools
are needed. These three concepts have been conundrums in the evolution of
environmental justice theory and practice, and they have enormous historical
implications for the future viability of environmental justice.

THE ROOTS OF ENVIRONMENTAL JUSTICE

PERSPECTIVE
Roots of Environmental Justice in Warren County, North
Carolina

“[E]ven in 1982 we knew that where we lived, where we worked, and where we
played was really our environment. When the state of North Carolina decided that
it was going to put PCB into a community that was 65 percent African Americans,
we said ‘No.” We said we will put our lives on the line.

“And we did it by laying our bodies in front of the trucks, but as we lay there
we knew that we were neither politically or economically empowered enough to
stop the trucks. . . . As we lay our bodies in front of the trucks and were hauled
off to jail by the bus load, we didn’t know that the media was going to publicize
[our plight]. . . . We didn’t know that hundreds of people were going to come and
demonstrate with us.

“We only knew in our hearts that we were doing the right thing. We knew in our
hearts that God required of us to do justice. We hoped and prayed that our going
to jail would not be in vain. And we feel that it was not in vain because many good
things happened as a result of our going to jail. For the first time, blacks and whites
in Warren County united. African Americans determined that henceforth and forever
more we will have some say in the government that was controlling our destiny.”

Source: Burwell, 1992.
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Although the concept of environmental justice is relatively recent, many would
argue that environmental injustice has existed in the Western Hemisphere since the
first European settlement more than 500 years ago (Mankiller; 1992). For example,
the trans-Atlantic slave trade began as a west-to-east passage, with Christopher
Columbus bringing 500 Arawak Indians from the island of Puerto Rico to Spain
for sale after his second journey to the Western Hemisphere (Konig, 1976). The
workplace environment has long confronted workers with disparate hazardous
exposures. Ior example, the disaster at Gauley Creek, West Virginia, during the
Great Depression of the 1930s was perhaps the worst occupational health disaster
in U.S. history. Some 500 African American workers died and more than 1,500
were disabled due to silicosis while digging a tunnel for the New Kanawha Power
Company, a subsidiary of the Union Carbide Corporation. The deceased were
buried in unmarked graves, sometimes two and three to a hole (Cherniak, 1987).

The modern environmental justice movement dates from around 1980.
In 1979, the African American community of North Hollywood, in Houston,
Texas, filed suit, in Bean v. Southwestern Waste Management, to prevent the siting of
a solid waste landfill. In 1982, the predominantly African American community
in Warren County, North Carolina, protested the siting of a PCB landfill. This
incident brought together the environmental and civil rights communities and
attracted national attention. It gave rise to the landmark 1987 United Church of
Christ (UCC) study, Zoxic Wastes and Race in the United States, the first national study
of the demographic patterns associated with the location of hazardous waste sites
(United Church of Christ Commission for Racial Justice, 1987; Lee, 1993). The
Reverend Benjamin F. Chavis Jr., director of the UCC’s Commission for Racial
Justice, introduced the term environmental racism to describe the tendency of
toxic waste sites and emitters to be located near communities of color. The UCC
study found that race was the most significant variable in differentiating between
areas with and without treatment, storage, and disposal facilities (TSDFs).

In late October 1991, the Iirst National People of Color Environmental
Leadership Summit coalesced a national movement on environmental justice.
Leaders and activists gathered for the first time in a dramatic display of com-
munity-based environmental and social justice activism. To the planners of the

PENN4

conference, the juxtaposition of the words “people of color,” “environment,” and
“leadership” provided a synergy that spoke for itself. When District of Columbia
congresswoman Eleanor Holmes Norton spoke at the summit of defining great
movements, she said, “We have all the names we need in there” (Norton, 1992).
Many people, both persons of color and whites, viewed the summit as a historic
turning point in the environmental movement in the United States (Lee, 1992).
Within less than three years, the U.S. Environmental Protection Agency (EPA)
had established an Office of Environmental Equity (later renamed the Office

of Environmental Justice) and the president of the United States had signed an
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executive order titled “Federal Actions to Ensure Environmental Justice in Minority
Populations and Low-Income Populations” (Executive Order No. 12898, 1994).

PERSPECTIVE
Would Dr. King Have Become an Environmental Justice
Advocate?

| think all of you know the answer to that question. Dr. King dedicated his life to
fighting racial discrimination and social inequity in the United States. He fought
racial discrimination during the Birmingham bus boycotts. He fought racial dis-
crimination in education, in employment, in housing, in health care, in the courts,
and at the ballot box. Dr. King went to jail to secure for African Americans and
other people the right to participate in the political process. Given all this, there is
absolutely no doubt in my mind that, if he were living today, Dr. King would be a
staunch and committed advocate for environmental justice.

In fact, Dr. King gave his life in 1968 around an environmental justice struggle
to advance the rights and working conditions of sanitation workers in Memphis,
Tennessee. Were he living today, Dr. King not only would have become an out-
spoken advocate for environmental justice but, as history tells us, he always was
an environmental justice advocate and his historical legacy includes environmental
justice. Indeed, Dr. King gave his life as a champion for environmental justice.

Source: Based on Lee, 1994.

These events provided impetus for the emerging consciousness about envi-
ronmental conditions in low-income, people of color, and tribal communities. A
groundswell of activity around a vast array of issues began to take place within
these communities, including issues such as toxics, lead poisoning, housing, land
use, air quality, workplace heath and safety, transportation, and economic devel-
opment. Examples of specific struggles are shown in Table 8.1.

In a little over a decade a loose alliance of community-based activists, church-
based civil rights leaders, and academic researchers grew into a vibrant social
movement. It sought to examine systematically the environmental degradation in
people of color, poor, and tribal communities and to develop proactive strategies
to address these problems. Initially, the focus was on where hazardous waste sites
and other polluting facilities were sited, with the emphasis on demonstrating that
they were located disproportionately in communities of color. However, as public
discourse over issues of race, poverty, and the environment expanded, environ-
mental justice concerns ranged more widely. For example, a landmark article in



'000°00 L Aj91eWwixoidde jo uonendod

SAIIBN BYSEe|Y 33 JU01u0d sanssi dnuea)d ajgeidesiul
pue anbiun ‘sjealeWw aAdLOIPR] pUR ‘suoiUNW
‘syuanjos ‘sapidnsad ‘s|jids [9ny Yam die pue ‘swiealis

‘spuepam ‘Jarempunolb ‘puej snjjod ‘pauopuege sabe||IA Jedny S9AIEN JO sabef|in
pue aAnde ‘suofie|jeisul Alejiw g9 uey) 40| SAIBN BYsely  uonelspa4 eysely eyse|y dAIEN esely
200 Ul S3USpIsal 91ed0jJ 03 paalbe ||9ys ‘@ousiajuod
© 1B S9AIINDSX Auedwod JU0IU0D 0} SpURIBYIDN
3Y) 01 pajRALL) SIUBPISAI AIUNWIWOD 1Yy “s|jids
pue suoiso|dxa Jofew 01 193[gns ealy ‘A}ojes pue |elisnpul
ya|eay Inoge pausaduod aiam jueld [ediwsyd pue ‘uedBWY  ODYON JO susznid eueisino’
AJaulja1 10 [|2YS Ylowwiew e Jo 139} UIY}IM SSWOH uedLyy pauladu0d ‘0dJON 010N
"ydJeasal
Kiojeddnued paseq-Ajunwiwod jo sjdwexs buipes|
e s Y}|edH d1|qnd 4O [00YIS AYSISAIUN eIquin|oD pue
1DV IM usamiaq diysiauileq 'ssaujji A1ojelidsal pue
ewiyise Jo sajed ybiy sey pue ‘ueneyuelp jo ybnoiog (1DOV IM) uondy
u1 syodap snq 9 Jo G SISOy ‘Que|d Jusweal| abemas ueqgin ‘uedBWY [eIUSWIUOIIAU] A
J9AY YHON JO 31IS 9Y3 SI ueljeyuR|A UISYIION uedLyy waieH 1S9\ SHOA MON wialdeH 1S9\
‘eale Joj ueld buluoz pue
3sn pue| mau e dojaAsp 03} uoiIN|osal [1IPUNOD A}D e
Ul payNsaJ UoYd pPal-Alunwiwod ‘googz u| "uonnjjod
Jie pue (skemybiy ‘sdoys Apoq oine ‘bune|d [ersw)
sasn pue| snoixou ‘a|qnedwodu Joy A10yisodal e Japioqg uoinijeod yiesH eluioyljed
pooyJioqubiau spew sOS6 | Jo suoisiap buiuoz A1) ‘uequn ‘oune’ |Jeluswuoliaug - ‘obaiqg ues ueboT oueg
"199(01d Buisnoy s1jgnd e ui uoneziueblio
[EIUSWIUOIIAUS 1S41} S,UOMRU JO UORWIO) 0} P
, - INUOp 21x01,, s,00ed1YD) se umouy os[e ‘Ayijde}
juswieasy abemss jedpiunw “ueld BulnideNUEW
juted ‘sajuedwod |edWBYD ‘S|jIW [993S ‘SI9)PWIS
‘s101elauidUl ‘s|ypue| ‘ssusnpul bunnjjod Ag  jesnpul ‘uegin K1an0D0Y
pPSpUNOLINS MOU puUR SOt6 | Ul [[14pue] jo doj uo 3ing  ‘Jood ‘ueduswy Aunwwo) sioul|| suspJen
‘000’01 Jo uonendod yym ‘333foid Buisnoy d1jgnd uedLy 1o} 9|doay ‘obediyd plRbY
sanssj| saiydeabowag (s)uoneziuebip uoled0 Aunwwo)
sanss| d1Isn[ jejuswuoiAug paseg-Alunwwo) jo sajdwexy |'g 319VL



“DIUID Y3[eaY b PaIndas os|e Ssjuaplisal

|e207 “UoljIW §°8$ JO SYBNH Yiim JusWBSS

© U] pa}|Nsal 3INSMe| Uofjde sse|d) “a)s punpadng
e se yd3 Aq uoneubisap pue apim S3ji OM) pue
buoj sajiw a1y swn|d Ja3eMpuNoIb D1X0} PaeaId
pue Jajinbe ojul padass “JUsA|OS |eliisnpul ue ‘3D |

*SUOIIIPUOD JBY)LIM

jewndo Ajuo 03 buiAeids 30113534 01 J9PJO UNOD Ul
paynsal suonde Ajunwwo) ‘Auedwo) 1ini4 edidos)
Aq pajesado pue paumo uonejueld eueueq pue
obuew uo buifeids [else Aq pasned Jup SpIPISA(

‘suoiennobau 1o0eI3U0D 18 SUOIDNPAI PROIIOM J0)
spuewap 01 pa| welboid YyesH [euonednddQ Joge
elulojijed Jo AJSISAIUN pue ‘uolun ‘siaxiom [910Y Aq

p312NpU0d YdJeasal uonode Alojedidiied ‘syuspiode
pue ‘sinoy buoj ‘suonipuod jiom Jood 03 sadURISNS
210} 03 ainsodxa wody buibues syedwi yyjesy
pa1J0sse JaNs salIsNpuUl SOIU0ID3R ‘|910Y “Juswiieb
ul SI93Jom Juelbiwwi buiseads-ysibug-uoN

‘euijosed

YJON JO seale ayymuou pue Jood uj paedo| aq

01 Aj2y1] 2low SO{yD PuUNo} euljoIRD) YLON JO
Ayisiaaiun pue AlejjiL Jo suaznid) pauladuo)d) Ag Apnis
'syoedwl [B3USWILOIIAUS pue yijeay Jofew sjdijnw
01 pa3| a1e1s 1noybnoiyy (sO4yD) suonesado buipas)
[ewiue pajesiusduod Ul ,swiey boy,, Jo uonesayljold

“JUSWIDIBS UOI||IW $Z$ Ul paynsal uonesodio) uljo
jsuiebe 1NsMe| Zg6 | "PaP10Ial JBAS suewny ul 1 dd
JO s[2A9] 3s3YDb1Y Jo swos "Bulysiy 92UISISYNS J0) JSAL
9y} SN Oym Ssjuaplsal [e20] 007’ | A[esu padaye
JAIY ewege|y JO UoneUIWRIUOD gDd pue 1 dd

ueq.n ‘oune

|ednu
‘uedly ouanNg

uequn ‘uelsy

Jednu ‘ueduBWY
uesuyy

|ednJ ‘uedlBWY
ueduy

JUSWUOIIAUT Ues|D

e 10} SuelUOSIN|

"dU] ‘leausiquuy

uoIDdY Bp 013UdD

$91LD0APY USLWIOAA

JueIBIWIW| URISY

AseyiiL jo susznid
pauisdu0)

[319ed1dde J0N]

euozuy
‘uoson|

021y ouaNg
‘e|[lueAuenn

ejulojijed
‘0dspuel4
ues

euijose)
YuoN

eweqe|y
‘euel|

3)S punyadng
1odiy uoson|

ed0g olileg

SIDIOM
uswom
JueIbIWIW|
ueisy

euljoied) Yo
Jo sdiysumo]

euel|



234 ENVIRONMENTAL HEALTH

the National Law fournal in 1994 documented inequities in the enforcement of
environmental laws. “There is a racial divide,” the authors declared, “in the way
the U.S. government cleans up toxic waste sites and punishes polluters. White
communities see faster action, better results and stiffer penalties than communities
where blacks, Hispanics, and other minorities live. The unequal protection occurs
whether the community is wealthy or poor” (Lavelle, Coyle, and MacLachlan,
1994). Poor and people of color communities demanded that the issues they
confronted—unemployment, poor public services, poor housing, and others—be
linked to environmental policy. As the environmental justice paradigm matured,
it became more holistic, increasingly viewing individual and community health
as a product of physical, social, cultural, and spiritual factors.

Environmental justice represents a vision borne out of a community-driven
process. At its core is a transformative public discourse over what constitutes truly
healthy, livable, sustainable, and vital communities for all peoples. It has given birth
to a broad definition of the environment as “the place where we live, where we
work, and where we play” (Gauna, n.d.). It sees the ecosystem that forms the basis
for life and well-being as being composed of four interrelated environments: natural,
built, social, and cultural/spiritual (Lee, 1996). It has made clear the necessity for
public participation and accountability in formulating environmental policy. It has
expanded environmental health discourse to include issues of multiple, cumulative,
and synergistic risks. It has pressed for a new paradigm for community-driven science
and holistic, place-based, systems-wide environmental protection. It is searching for
concepts and tools that are at the same time holistic, bottom-up, community-based,
multi-issue, cross-cutting, interdependent, integrative, and unifying.

Historians of the environmental movement have referred to environmental
justice as the defining feature of the fourth wave of the environmentalism. The
first and longest wave grew out of the conservation movement of the late nine-
teenth and early twentieth centuries. The activist second wave resulted in the
protective legislation of the 1970s and ‘80s. During the third wave, well-funded
mainstream environmental groups operated primarily from “inside the Beltway,”
relying heavily on legal and political strategies. In the fourth wave, environmental
justice emerged as the first truly grassroots form of environmentalism, one that
links environmental issues to social and economic inequality and has the potential
to be socially transformative (Shabecoft, 1993; Dowie, 1995).

THE MEANING OF DISPROPORTIONATE IMPACTS

The concept of environmental justice arose out of evidence that hazardous environ-
mental exposures and their health consequences differed among different popula-
tions, based on race, ethnicity, and income. This pattern was first described in racial
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terms (hence the term environmental racism), when early studies suggested
that people of color communities were disproportionately exposed to environmental
hazards. Later studies focused on poverty as an additional risk factor for dispropor-
tionate exposures. The concept of disproportionate impacts, however, is far
more complicated than exposures alone. There 1s a complex interplay of factors
at work in communities with a history of social and economic disadvantage, inad-
equate services, and environmental exposures. Thus, disproportionate impacts may
refer to inequities in levels of harmful environmental exposures, deficient services
or benefits, diminished ability to withstand or mitigate harms, or any combination
of these. This section briefly discusses the components of disproportionate impact
and their implications for the theory and practice of environmental justice.

Proximity to Pollution Sources

At the simplest level adverse human health and environmental effects can be
understood in terms of differential proximity to environmental hazards. During
the 1980s, most environmental justice research focused on the proximity of people
of color and low-income populations to environmental hazards. These studies
examined a wide spectrum of exposure sources, including waste sites, industrial
facilities, ambient air pollution, transportation thoroughfares, garbage transfer
stations, hog farms, and all types of so-called locally undesirable land use
(LULU). Over time the studies established a pattern of disproportionate exposure
that convinced even skeptical observers. For example, political scientists James
Lester, David Allen, and Kelly Hill (2001) wrote, “We must admit that at the
outset in 1994 we were skeptical of many of the strident claims regarding environ-
mental injustice. However, our analyses (as well as our findings) over the past five
years have caused us to reconsider our original positions.” (p. xv)

These proximity studies became far more sophisticated over time, deploying
location data in geographic information system (GIS) software (Maantay, 2002;
Brulle and Pellow, 2006; also see Chapter Twenty-Eight). GISs have proved helpful
in multistressor, multimedia, and multi-issue analyses of communities. For exam-
ple, GIS has been used to examine the distribution of socioeconomic, racial,
ethnic, and class variables, exposure to air pollutants, and occurrence of respira-
tory disease, in places as diverse as the Bronx (Maantay, 2007), Massachusetts
(McEntee and Ogneva-Himmelberger, 2008), Durham, North Carolina (Dolinoy
and Miranda, 2004), Phoenix (Grinelski, 2007), and West Oakland (Fisher, Kelly,
and Romm, 2006). This is becoming a widely available tool. The EPA’s publicly
available Environmental Justice Geographic Assessment Tool (www.epa.gov/com-
pliance/whereyoulive/ejtool.html) permits users without advanced training to
map demographic factors such as population density, income, and percentage
below the poverty line, in relation to certain sources of pollution.
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However, proximity to a source is an inexact surrogate for actual contact with
a toxicant (see Chapter Four) (Institute of Medicine, 1999). For a full and accu-
rate picture of human health and environmental effects, proximity data must be
augmented with exposure studies based on modeling, actual monitoring, or other
approaches. In its first report on environmental justice, the EPA concluded:

There are clear and dramatic disparities among ethnic groups for death rates, life
expectancy, and disease rates. There is also a surprising lack of data on human
exposure to environmental pollutants for Whites as well as for ethnic and racial
minorities. One exception is lead exposures in children, and the data are une-
quivocal. Black children have disproportionately higher blood lead levels than
White children even when socioeconomic variables are factored in. For other pol-
lutants, available information suggests that racial minorities may have a greater
potential for exposure to some pollutants because they tend to live in urban areas,
are more likely to live near a waste site, or exhibit a greater tendency to rely on
subsistence fishing for dietary protein [U.S. EPA, 1992; emphasis in original].

Unique Exposure Pathways

Some communities sustain unique environmental exposures because of practices
linked to socioeconomic status or cultural background. A good example is sub-
sistence fishing. On the one hand, for some indigenous peoples and some
Asian and Pacific Islander immigrant populations, this is a culturally specific
practice based on a worldview that values a human connection to the environ-
ment in both physical and spiritual well-being (Arquette and others, 2002). On
the other hand, economic deprivation may compel rural or urban poor peo-
ple to fish in polluted waters to supplement their diets. West found that African
Americans in Detroit engaged in higher levels of subsistence fishing from the
contaminated Detroit River compared to the general population of Detroit (West,
1992). Another example is pica, the habit among malnourished young children of
eating dirt or paint chips because they are hungry. The issues of socioeconomic
status and racial discrimination are embedded in unique exposure pathways. In
describing the famous 1982 case involving contamination and subsistence fish
consumption in Triana, Alabama, a resident called this yet another example of
how “pollution follows the path of least resistance” (Taylor, 1982).

Susceptible and Sensitive Populations

From the perspective of environmental justice, it is necessary to look not only
at wmtrinsic factors related to susceptibility, such as age, sex, genetics, and race or
ethnicity, but also at acquired factors, which may include chronic medical conditions,
health care access, nutrition, fitness, other pollutant exposures, and drug and
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PERSPECTIVE
Social Position and Susceptibility to Air Pollution
Exposure

“People in lower socioeconomic circumstances may be more susceptible to air pol-
lution for reasons directly related to their relative disadvantage and psychosocial
stress. For example, they may lack access to grocery stories that sell fresh fruits and
vegetables or the income to buy them, resulting in reduced intake of anti-oxidant
vitamins that can protect against adverse consequences of air pollution exposure.
Another possibility is reduced access to medical care, so poor people may not have
the appropriate prescription for a respiratory condition such as asthma. Medication
can alleviate symptoms aggravated by pollution exposure, and more consistent use
of corticosteroids lowers baseline inflammation, potentially lowering responsive-
ness to proinflammatory pollutants. An additional hypothesis is that psychosocial
stress and violence, which can be higher among those of low SEP (socioeconomic
position), can increase susceptibility.

“Characteristics of neighborhoods can affect susceptibility. In four U.S. com-
munities, residence in a disadvantaged neighborhood was associated with coro-
nary heart disease (CHD) incidence, even after controlling for established CHD risk
factors and personal income, education, and occupation. With current emphasis
on cardiac effects of air pollution, this finding is particularly relevant to the study
of air pollution and socioeconomic interaction. Because lower-income people are
more likely to live near roadways, there is also evidence that increased traffic den-
sity has been associated with lack of neighborhood communication and collabora-
tion (thereby reducing available social networks).

“Another potential mechanism of susceptibility directly related to social posi-
tion is coexposure to other pollutants, include indoor pollutants. A person with a
relatively high dose of other pollutants may be ‘weakened” and less able to with-
stand the additional insult of ambient air pollution. People with less wealth are
more likely to be employed in dirtier occupations and in developing countries,
they may also be more likely to be exposed to pollutants indoors from heating and
cooking. Workers in blue-collar occupations may also be more exposed to environ-
mental tobacco smoke than are white-collar workers in cases where regulations lim-
iting indoor smoking in the workplace are not applied consistently. Housing stock
in poorer communities with high rates of crowding can have higher levels of certain
allergens as well as other risk factors for asthma sensitization and exacerbation.”

Source: O'Neill and others, 2003.
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alcohol use (Sexton, 1997). The Perspective “Social Position and Susceptibility
to Air Pollution Exposure” presents an excerpt from a recent review paper that
explains an important social aspect of susceptibility.

Multiple and Cumulative Effects

Disadvantaged and underserved communities are likely to suffer a wide range
of environmental burdens, ranging to poor air to poor housing. I'or example, a
study by the Columbia Center for Children’s Environmental Health found that
African American women in the South Bronx exposed to auto exhaust, cigarette
smoke, and incinerators in the third trimester of pregnancy tended to give birth
to smaller babies with smaller head circumferences (Perera and others, 2004).
The label toxic hot spots is often associated with environmental justice. Risk
assessment and risk management have traditionally been unable to address these
pockets of multiple and cumulative exposures, owing to a history of typically tak-
ing an individual, chemical-by-chemical approach and being geared toward con-
trolling sources of pollution through technology-based regulation (see Chapters
Twenty-Nine and Thirty). In this context the U.S. Environmental Protection
Agency’s 2003 Framework for Cumulative Risk Assessment represents a milestone for
both cumulative risk assessment and environmental justice. It is significant for
environmental justice because of the following features:

* It takes a broad view of risk, including areas outside the EPA’s regulatory author-
ity, and poses questions for which quantitative methods do not yet exist.

e Ituses a population-based and place-based analysis, rather than an agent-to-
receptor analysis.

* It promotes a comprehensive and integrated assessment of risk.

* It recognizes multiple stressors, including both chemical and non—chemical
stressors, as well as social factors that may affect risk.

¢ It posits an expanded definition of vulnerability, including both biological
and social factors.

e It places a premium on community involvement and partnerships.

¢ It emphasizes the importance of planning, scoping, and problem
formulation.

* It links risk assessment to risk management within the context of prevention
and intervention strategies to meet community health goals.

Fundamental to the framework’s contribution to the discourse on risk assess-
ment and environmental justice is its recognition that there needs to be an itera-
tive process that involves the affected community and all relevant stakeholders,
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including government and business, as articulated in the National Academy of
Sciences report Understanding Risk (Stern and Iineberg, 1996) and in the report
of the Presidential/Congressional Commission on Risk Assessment and Risk
Management (Presidential Commission, 1997).

Social Vulnerability

Underserved and disadvantaged communities have numerous liabilities that may
contribute to the way environmental exposures affect health. These factors may
affect a community’s ability to prevent, withstand, or recover from the effects of
environmental insult. Research by Manuel Pastor and his colleagues revealed an
intriguing example. They found a strong correlation between periods of great-
est community demographic change and the introduction of noxious land uses.
These transition periods seem to be low points for community social capital, in
terms of stable leaders, networks, and institutions. Pastor, Sadd, and Hipp (2001)
coined a term to describe this phenomenon, ethnic churning. Social factors
such as employment status, access to health insurance, language ability, and access
to social capital can play a major role in determining the response to environ-
mental insult. Lack of health care can be a major factor. Poverty, poor nutrition,
and psychosocial stress may affect the strength of one’s coping systems. Isolation,
whether economic, racial, linguistic, or otherwise, leads to fewer connections,
less access to information or influence, and thus less ability to prevent, withstand,
or recover from environmental stressors. Social problems such as these may sig-
nificantly limit meaningful involvement in the environmental decision-making
process. Indexes that measure such isolation, such as disparity and dissimilarity
indexes, may be useful in this area.

Environmental justice work in recent years has increasingly recognized the
need to consider issues beyond toxic exposures. Researchers and practitioners
have focused on such disparities as access to transportation (Bullard, Johnson,
and Torres, 2004), neighborhood walkability (Greenberg and Renne, 2005), and
access to recreational facilities (Taylor, Floyd, Whitt-Glover, and Brooks, 2007).

Two major points are highlighted by the foregoing discussion. First, dispro-
portionate impacts cannot be characterized solely or primarily in terms of dispari-
ties in exposure to environmental hazards. It is necessary to look at both sides of
the risk equation—the magnitude and severity of exposures and the nature
of the receptor population. Both biological and social aspects of vulnerability
must be taken into account. Second, there is a functional relationship between
socioeconomic and cultural factors and environmental risk. Disadvantaged, under-
served, and environmentally overburdened communities confront both physical
and social vulnerability. Environmental justice is predicated on the fact that certain
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communities come to the table with preexisting deficits of both a physical and
social nature that make the effects of environmental pollution more, and in some
cases unacceptably, burdensome. This implies a broad view of vulnerability, as
proposed by Kasperson and others (1995) and adopted in EPA’s 2003 Framework for
Cumulative Risk Assessment. In this view, vulnerability consists of susceptibility, expo-
sure, preparedness, and ability to respond and recover. The concept of vulnerabil-
ity is central to the meaning of environmental justice (deFur and others, 2007).

New frameworks for understanding the relationships among vulnerability,
racial residential segregation, and various indicators of environmental health
inequalities have emerged. Figure 8.1 illustrates an ecosocial, or biosocial, frame-
work that connects a spatial form of social inequality (that is, racial segregation)
to community-level conditions that disproportionately expose communities of
color to environmental hazards and stressors. These stressors potentially amplify
individual-level vulnerability to the toxic effects of pollution. The figure illustrates
the multifaceted and multilevel dynamic that may partially explain persistent
racial and class-based health disparities that are environmentally mediated
(Morello-Frosch and Lopez, 2006).

Two important conclusions are embedded in the concept of disproportionate
impacts. First, it is complex, a fact that researchers and practitioners are only now
fully appreciating. A comprehensive, robust, conceptual framework for under-
standing disproportionate impacts—one that includes disparities in exposure, sus-
ceptibility, law enforcement, and health, and accounts for multiple and cumulative
impacts—is emerging. This conceptual framework will greatly enhance the devel-
opment of research and policy agendas needed to redress such impacts. Second, a
focus on pollution and its prevention may be too narrow; it is necessary to address
concurrently the myriad social, economic, and cultural realities of disadvantaged,
underserved, and overburdened communities. A community’s well-being depends
on success in many different sectors, including economic development, housing,
transportation, arts, green space, and recreation. Public health and environmen-
tal justice advocates must think holistically, seeking comprehensive, integrative
paradigm changes to promote truly healthy and sustainable communities for all
peoples.

LEGAL, PUBLIC POLICY, AND RESEARCH CHALLENGES

Once disproportionate impacts are more fully understood, environmental jus-
tice researchers and advocates face a second challenge: crafting legal and policy
responses. An important barrier to meeting this challenge has been the divergence
between the civil rights and environmental law paradigms.
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Just seven years after the 1987 publication of Zoxic Wastes and Race, on February
11, 1994, President Clinton signed Executive Order No. 12898, “Federal Actions
to Address Environmental Justice in Minority Populations and Low-Income
Populations.” Because Executive Order 12898 was one of the first public policy
statements in the arena of environmental justice, it is worth analyzing various inter-
pretations of its key clause, which reads as follows: “To the greatest extent practica-
ble and permitted by law . . . each Federal agency shall make environmental justice
part of its mission by identifying and addressing, as appropriate, the disproportion-
ately high and adverse human health and environmental effects of its programs,
policies, and activities on minority populations and low-income populations.”

Under the prevailing interpretation the executive order has been viewed as a
directive to identify minority and low-income populations. These would be defined
as “protected groups,” on whose behalf protective actions could presumably then be
taken. This interpretation is understandable given the legal framework of civil rights,

PERSPECTIVE
Science and Environmental Justice at the EPA

In 1992, a number of environmental justice advocates, including this chapter
author, met as members of the Michigan Coalition with then EPA Administrator
William Reilly. Administrator Reilly informed us of EPA’s plans to establish an Office
of Environmental Equity (later renamed Office of Environmental Justice in 1994). |
asked Administrator Reilly, “How will EPA ensure that the Office of Environmental
Equity not be marginalized like the Office of Civil Rights was?” This encounter
presaged the historical significance of the proper interpretation of the language in
Executive Order 12898 and the challenges of operationalizing civil rights and social
justice concepts within the mission of an environmental agency like the EPA.

It is instructive to recount the testimony of William Ruckelshaus, the first EPA
Administrator, before Congress at the time the agency was being established. He
was asked how EPA was going to address matters of civil rights and social equity.
As | recall, Administrator Ruckelshaus said that as important as these issues were,
EPA was primarily a science agency and its first priority was to build its science
foundation. Two decades later the United Church of Christ Commission for Racial
Justice sent a copy of Toxic Wastes and Race to EPA, to which the agency’s response
was that “EPA addresses issues of technology, not sociology.” | wonder where we
would be today if Ruckelshaus’s answer had been that the EPA would systematically
incorporate concerns of civil rights and social equity into its “sound science base”
and make such concerns a part of the analytical and operational paradigm within
the context of the laws the agency is authorized to administer.
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which is premised on the notion of protected classes, such as people of color, women,
the disabled, and others. However, the intent of Executive Order 12898 extended
well beyond identifying target populations; it was action oriented. The order directed
agencies to “identify and address disproportionately high and adverse human health
and environmental effects.” Moreover, it called for actions to be pursued “to the
greatest extent practicable and permitted by law.” The order created no new rights
or obligations, but an often overlooked accompanying presidential memorandum
referred to the use of existing statutes to achieve the goals of the order.

Thus it is not surprising that during the decade after this executive order, most
community activists, advocates, researchers, industry groups, and governmental
agencies operated from the premise of identifying environmental justice communi-
ties, consisting of disproportionately high-minority and low-income populations.
This interpretation fails to recognize that the nation’s environmental laws are not
premised on the concept of protected classes but on “human health and environ-
mental effects.” (Interestingly, the U.S. Department of Justice, whose mission is
enforcing the nation’s laws, focuses on the concept of “disproportionately high
and adverse human health and environmental effects.”)

This distinction is important because it bears directly on the use of environ-
mental laws (Gerrard and Foster, 2008). The designation of environmental justice
communities, while descriptive, does not trigger specific provisions of applicable
laws. Hence, it is often unclear what actions, other than more study or efforts to
ensure public participation, an agency should undertake once a determination
that an environmental justice community exists is made. Environmental justice issues
is a far more useful analytical concept, as it incorporates the idea of dispro-
portionate human health and environmental effects (Payne-Sturgess and Gee,
2006). The more clear the nexus between identifying such effects and triggering
specific provisions, the more readily legal remedies follow. This emphasizes the
importance of fully characterizing the disproportionate human health and envi-
ronmental effects, as discussed previously.

This discussion recalls the notion of environmental justice as the conver-
gence of the civil rights and environmental movements. Such a convergence does
not mean simply transplanting civil rights premises to the environmental arena.
Rather it requires an understanding that civil rights law and environmental law
bring two very different paradigms to environmental justice issues (Targ, 2002).
This distinction has tremendous historical significance, helping explain why the
concepts advanced by the civil rights movement have been largely marginalized
within the nation’s federal and state environmental protection regimes. Although
this is an issue that surely will unfold over time, its significance should not be
underestimated (as the Perspective “Science and Environmental Justice at the
EPA” points out).
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These issues bear directly on developing a research agenda that meets
the needs of policymakers. It is not surprising that most environmental justice
research in the first twenty years of the movement focused on proximity stud-
ies, demonstrating that communities of color and low-income communities are
disproportionately located near environmental hazards. However, the next gen-
eration of research should focus on understanding the functional relationships
between socioeconomic factors and environmental exposure and on developing
innovative measures of disproportionate health and environmental effects.

PERSPECTIVE
ReGenesis Revitalization Project, Spartanburg, South
Carolina

Harold Mitchell grew up in a house near an abandoned hazardous waste site in the
impoverished Arkwright section of Spartanburg, South Carolina. Members of his
family, like others in the neighborhood, suffered what seemed a disproportionately
high number of cancers, respiratory diseases, and miscarriages. Mitchell’s leadership
helped to transform this concern over environmental insults into a broad vision for
community revitalization. Since its inception in 1998, the ReGenesis Revitalization
Project has grown to include more than 100 partners. Its vision includes housing,
health facilities, recreation facilities and green space, transportation, job creation, and
green business development, at the site of a former municipal dump and a shuttered
fertilizer factory. Within five years, the project had leveraged more than $5 million in
public and private funding. In February 2004, a Swiss bio-technology firm announced
plans to locate a plastics alternatives plant in the area. The project is a prime example
of Mary Nelson'’s observation about “turning a corner in the fight for environmental
justice.” Nelson is Executive Director of Bethel New Life, Inc., a renowned faith-based
community development corporation in the West Garfield section of Chicago, lllinois.
Nelson believes that communities are understanding that “it is not enough to stand
against something. We are now moving to the stage where we can say what we want
and formulate a vision for healthy, sustainable communities.”

Source: U.S. EPA, Office of Policy, Economics, and Innovation, 2003.

COLLABORATIVE AND INTEGRATED PROBLEM SOLVING

The growing theoretical and practical understanding of disproportionate impacts,
as well as related legal, public policy, and research challenges, 1s helping to identify
the strategies and tools best suited to addressing such complex issues. As noted
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earlier, people of color, indigenous, and low-income communities often suffer
adverse and disproportionate exposure to environmental and occupational haz-
ards. Moreover, these populations tend to be more vulnerable by virtue of the
social environment, such as housing, land use, transportation, health care, and
other factors. Finally, the inability to employ a range of capacities (that is, to make
use of human, technical, financial, social, and political capital) within affected
communities presents great obstacles to positive change. How can communities
and public health professionals work both to improve environmental health and
to eliminate disparities related to disproportionate impacts (Freudenberg, 2004)?

The vision of environmental justice is the development of a holistic, com-
munity-based, participatory, and integrative paradigm for achieving healthy
and sustainable communities for all peoples. This holistic approach aligns with
the World Health Organization’s view of community health, as a positive con-
cept that includes the totality of environmental, social, and economic resources
together with emotional and physical capacities available to people in a particular
place (World Health Organization, 1986. Environmental justice also calls for a
holistic analysis of the problems that impair the health of people in communities,
including social, economic, environmental, political, emotional, and biological
determinants, as discussed throughout this chapter.

Roz D. Lasker and Elisa S. Weiss of the New York Academy of Medicine
build on this point when introducing the concept of collaboration in community
problem solving. They write that the “growing interest in using collaboration
stems from the fact that many of these problems are complex; consequently, they
go beyond the capacity, resources, or jurisdiction of any single person, program,
organization, or sector to change or control. Without sufficiently broad-based
collaboration, it has been difficult for communities to understand the underlying
nature of these kinds of problems or to develop effective and locally feasible solu-
tions to address them” (Lasker and Weiss, 2003, p 18). Problems that require com-
prehensive actions have been difficult to solve when essential participants are
not involved or when programs, organizations, or policies work at cross-purposes.
The tremendous diversity in populations affected by health problems and in the
local contexts in which these problems occur limit the effectiveness of top-down,
one-size-fits-all solutions.

Both affected communities and public health practitioners must engage in
a dialogue about what is needed to apply collaborative problem solving to
the task of achieving environmental justice and healthy communities (Lee, 2005).
Three premises motivate this conclusion:

*  Environmental justice advocates and practitioners must develop a conceptual
framework that moves the environmental justice discourse from a primary
focus on problem identification to a focus that is also solution oriented.
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*  Environmental justice issues are enormously complex. Environmentally,
economically, and socially distressed communities require human, technical,
legal, and financial resources to properly address these issues. Environmental
justice groups must harness these necessary resources. This speaks to the
need for social capital, consensus building, dispute resolution, collaborative
problem solving, and civic capacity.

*  Environmental justice strategies need to address economic and social factors
such as housing, transportation, economic development, job creation, green
space, and recreation—{factors that make up the larger environment and con-
tribute to overall well-being;

Collaborative and integrative problem solving arose because it is a better
way of dealing with complex ecological and organizational systems and with the
information needs associated with complex societal problems. There is an emerg-
ing literature on collaborative problem solving in arenas such as environmental
health, community development, planning, law, and natural resource manage-
ment. For example, Kathryn Kohm and Jerry Franklin (1997), of the University
of Washington, apply this approach to natural resource management. By appre-
ciating the complexity of systems and managing for wholeness rather than for
the efficiency of individual components, they place forestry in the context of the
broad movement toward systems thinking.

The complex nature of environmentally, economically, and socially distressed
communities and tribes requires holistic and integrated problem solving. Julia
Wondolleck and Steven Yaffee (2000), writing about collaboration in natural
resource management, call for strategies that “focus on the problem in new and
different ways.” They suggest “rethinking” problems in ways that (1) integrate
geographically, (2) integrate functionally, and (3) integrate different elements of
the problem.

Applying these lessons to environmental justice will require real community-
based experience and authentic partnerships. It will also require an apprecia-
tion of the power imbalances and tensions that exist when people are trying to
work through complex problems that may require both confrontational and col-
laborative approaches. A notable example of such collaborative decision mak-
ing in an environmental justice context is the Los Angeles International Airport
(LAX) Expansion Community Benefits Agreement (Los Angeles Alliance for a
New Economy, 2004). The legally binding, $500 million agreement, signed in
December 2004, was the product of months of discussions involving the City of
Los Angeles, Los Angeles World Airports, Inc., and more than twenty commu-
nity groups, environmental organizations, school districts, and labor unions. Its
provisions were designed to address known impacts to surrounding communities
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through improvements to environmental, labor, noise, and health conditions. The
agreement established a national precedent for community improvements around
large-scale development projects.

Community benefits agreements are legally enforceable contracts, typically
negotiated between a developer and community organizations, that specify ben-
efits that the developer must provide to the community. These benefits include
local employment opportunities, affordable housing units, mitigation of environ-
mental impacts, recreational and greenspace development, and other items of
importance to the community. Communities began to view community benefits
agreements as a viable tool after the Figueroa Corridor Coalition for Economic
Justice negotiated a major community benefits agreement with developers of the
Los Angeles Sports and Entertainment District in May 2001. Because public
dollars were involved and city council approval was required, the neighborhood
coalition enjoyed a window of opportunity and some comparative negotiating
advantages (Gross, LeRoy, and Janis-Aparicio, 2005).

One goal of such collaborations is to build the strategic thinking, planning,
and problem-solving capacity of communities, as well as of other parties. Strategic
approaches should build on community visioning and local planning processes.
Such collaborative models should employ asset-building and mapping methods,
recognizing that no matter how deficit- and problem-ridden a given community
may be, it still has many untapped resources to harness. Mary Nelson, the director
of Bethel New Life and a leading practitioner of asset building, calls for “turning
environmental liabilities into community assets and opportunities.” In 2003, Bethel
broke ground on a transit-oriented commercial development that will incorporate
photovoltaics, a living roof, recycled materials, super insulation, and energy effi-
ciency measures. It was built on a formerly contaminated brownfield site.

When research is needed, environmental justice collaborative models may
employ community-based participatory research (CBPR), as the two
approaches share many principles and methods (see Exhibit 8.1). Moreover, such
collaborative models may expand the reach of CBPR by providing the venues and
stakeholders that can apply research results to real problems. These models also
make use of consensus building and dispute resolution methods, including the
“mutual gains approach to negotiations” (Susskind, Levy, and Thomas-Larmer,
2000). Such models build on the concepts in the EPA’s cumulative risk framework
by promoting proactive, comprehensive, multimedia risk reduction efforts. They
have wide applicability for areas including but not limited to community develop-
ment, transportation, brownfields redevelopment, smart growth, and compre-
hensive community revitalization initiatives.

Social capital —the networks, norms, and trust that facilitate coordination
and cooperation for mutual benefit (Putnam, 2000)—is critically important to
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EXHIBIT 8.1
Community-Based Participatory Research

e Builds on and reinforces community capacity. Dimensions include leadership,
participation, skills, resources, social and organizational networks, sense of
community and of partnership identity, understanding of community history,
community power, shared values, and critical reflection.

e Promotes active collaboration and participation at every stage of research. CBPR
fosters equal participation from all partners. It provides all participants with an
equal sense of ownership over the research and the outcomes.

e fosters co-learning. CBPR provides an environment in which both commu-
nity residents and researchers contribute their respective expertise and where
partners learn from each other. Community members acquire new skills in
conducting research, and researchers learn about community networks and
concerns—information that can be used to inform hypothesis generation and
data collection.

e [Ensures projects are community driven. Research questions in CBPR are guided
by the environmental health issues or concerns of community members. CBPR
recognizes that for research and prevention or intervention strategies to be
successful, they must address the concerns of community residents.

e Disseminates results in useful terms. Upon completion of CBPR projects, results
are communicated to all partners in culturally appropriate, respectful, and
understandable terms.

e [Ensures research and intervention strategies are culturally appropriate. With active
participation of community residents from the beginning, research and preven-
tion or intervention strategies are likely to be based in the cultural context of
the community that they are intended to benefit.

e Defines community as a unit of identity. NIEHS translational research programs
promote collaboration among academic scientists and community partners
from underserved communities. In the case of these projects, community is
typically characterized by a sense of identification and emotional connection
to other members through common interests and a commitment to address
shared concerns, such as harmful environmental exposures or environmental
injustice.

Source: Compiled from O’Fallon and Dearry, 2002; Minkler and Wallerstein, 2002;
National Institute of Environmental Health Sciences (NIEHS) (2002); Minkler, Vasquez,
Tajik, and Petersen, 2008.
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environmental justice collaborative problem solving. The challenge of linking
resources with needs (an apt practical definition of collaboration) is especially
salient in disadvantaged and underserved communities, where groups must har-
ness necessary human, technical, legal, institutional, and financial resources to
address complex issues. Marshaling the necessary resources requires the efforts
of different people from different backgrounds representing all the different sec-
tors of society. It is harder for people not to work toward resolving issues once
they have sat at a table together, engaged in dialogue, and come to know each
other on a human level. Once social capital is built, it leverages other forms of
capital investments—financial, institutional, infrastructural, and environmental.
In Robert Putnam’s words, “Social connections are also important for the rules
of conduct that they sustain. Networks involve (almost by definition) mutual
obligations; they are not interesting as mere ‘contacts.” Networks of commu-
nity engagement foster sturdy norms of reciprocity. . . . A society character-
ized by generalized reciprocity is more efficient than a distrustful society. . . .
Trustworthiness lubricates social life. Frequent interaction among a diverse set
of people tends to produce a norm of generalized reciprocity. Civic engage-
ment and social capital entail mutual obligation and responsibility for action”
(Putnam, 2000, pp. 20-21).

Indeed, the emergence of the idea of using collaborative models to achieve
environmental justice and healthy communities reflects a similar movement in
many arenas, including community development and community health. In pub-
lic health, for example, social determinants of health are factors in the social
environment that influence health, such as income distribution, discrimination,
access to education, and housing policies. Public health professionals increasingly
recognize that addressing these factors will require innovative research and inter-
vention strategies, collaboration across disciplinary groups, and engagement of
community members (Schulz, Galea, and Kreiger, 2002; Wilkinson and Marmot,
2003; Marmot, 2005). The following appraisal of public health practice, from
which the ideas of community-based participatory research and social determi-
nants of health emerged, resonates strongly with the vision of environmental
justice.

Recognition of the inequities in health status associated with, for example,
poverty, inadequate housing, lack of employment opportunities, racism, and
powerlessness, has led to calls for a focus on an ecological approach that recog-
nizes that individuals are embedded within social, political, and economic sys-
tems that shape behaviors and access to resources necessary to maintain health.
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Researchers and practitioners alike have called for increased attention to the

complex issues that compromise the health of people living in marginalized com-

munities; for more integration of research and practice; for greater community

involvement and control, for example, through partnerships among academic,

health practice, and community organizations; for increased sensitivity to and

competence in working with diverse cultures; for expanded use of both qualita-

tive and quantitative research methods; and for more focus on health and qual-

ity of life, including the social, economic, and political dimensions of health and
well-being [Israel, Schulz, Parker, and Becker, 1998, p. 174].

Indeed, it is enlightening to ponder the vast array of prevention and

intervention strategies that can be made available to public health practitioners

through a holistic understanding of the natural, built, social, and cultural and
spiritual environments—the approach implicit in the concept of environmental

justice.

SUMMARY

Nobel laureate Amartya Sen’s work has
made it clear that vulnerability to environ-
mental change is a major shaper of global
risk. Risk 1s closely tied to vulnerability and
can be viewed as a product of environ-
mental stress and human and ecological
vulnerability. Authoritative bodies such as
the World Commission on Environment
and Development have underscored the
intertwined nature of poverty and environ-
mental threat. These are the same complex
and multidimensional issues, albeit on a
global scale, that gave rise to the concept
of environmental justice. In a very short
period of time both the theory and the
practice of environmental justice have
evolved to include an impressive array of
concepts, players, and types of endeavors.
They include new models of community

organizing and empowerment, community-
based participatory research, environmental
impact assessment, utilization of existing
laws, and strategies to achieve healthy and
sustainable communities domestically and
internationally. Issues of environmental
justice make up a complex web of public
health, environmental, economic, and social
concerns that require multiple, holistic, inte-
grative, and unifying strategies. The achieve-
ment of a vision of healthy and sustainable
communities for all peoples necessitates not
only the articulation of new concepts, new
strategies, new models, and new partner-
ships but also a critical appraisal of where
progress has been made and what obstacles
stand in the way. This will require commit-
ted individuals willing and able to provide
foresight, analysis, and leadership.
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KEY TERMS

brownfields

collaborative problem solving
community-based participatory research
cumulative risk

disproportionate impacts

environmental justice

environmental racism

ethnic churning

DISCUSSION QUESTIONS
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health disparities

locally undesirable land use
social capital

social determinants of health
subsistence fishing

toxic hot spot

vulnerability

1. What evidence exists to show that race and poverty contribute to negative

environmental health effects?

. What factors can exacerbate the effects of environmental exposures on popu-
lations with low socioeconomic status?

. Why is involving the affected community important to achieving solutions to
environmental justice issues?

. What are some global implications of environmental justice?

. What is an example of an environmental justice concern in your own city?
Explain that concern.

. Identify and discuss the ideas that inform this statement: Environmental jus-
tice must be concerned not only with disproportionate exposure to hazards
but also with disproportionate deprivation of assets such as parks and mass

transit.
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KEY CONCEPTS

B Although fertility rates are falling in some regions, global population continues
to grow.

B This growth is concentrated in poor countries.
B Global population is also becoming increasingly urban.

B Population growth, together with affluence and technology (both reflecting
resource use), exerts major pressures on natural resources and on ecosystem
integrity.

B The ecological footprint is an approach to measuring the impact of population
and resource use on the ecosystem.

B Carrying capacity refers to the number of people an ecosystem, or the entire
Earth, can support.

B Both limiting population growth and reducing per capita resource use play a role
in achieving environmental health.
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3 S the twenty-first century unfolds, population trends underlie much of

the troubled relationship between humanity and the environment. The

global population is growing, and much of this growth is in the poorest
parts of the world. In addition, the world’s population is redistributing from
rural areas to cities. These changes place enormous pressure on resources and
have broad implications for human health. This chapter introduces the basic
principles of demography, the science that studies the size, density, and distribu-
tion of human populations; reviews global population trends and their impact
on resources; and explores the ways in which these global trends link to human
health.

POPULATION, RESOURCE USE, AND ENVIRONMENT

The number of people on Earth is now 6.8 billion. Despite falling fertility rates
in virtually every region of the world, the population continues to grow, by about
78 million per year. At this rate the world’s population will increase by 1 billion
every fourteen to fifteen years. According to the United Nations Department of
Economic and Social Affairs (UN-DESA), Population Division (2009), the global
population is projected to reach 8 billion by 2025 and 9.1 billion by 2050 (using
the midrange estimates).

About 99 percent of this growth will occur in the world’s poor, developing
countries. Not surprisingly, the highest growth rates are found in the poorest
countries, those the United Nations (UN) categorizes as least developed. These
countries are found predominantly in sub-Saharan Africa, the Middle East, and
South Asia.

Even with the AIDS pandemic, population growth rates in the forty-four poor-
est developing countries are still above 2.5 percent per year, enough to double their
populations over the next quarter century. Specifically, western Africa’s population
1s increasing by an average of 2.7 percent per year, eastern Africa’s by 2.5 percent,
and middle Africa’s by nearly 3 percent. Only southern Africa, which includes
the relatively developed countries of South Africa, Botswana, Namibia, Lesotho,
and Swaziland, has a lower collective growth rate, averaging 1 percent per year
(Population Reference Bureau, 2003; World Health Organization, 2003).

In the past decade population growth has been slower than previously esti-
mated. For example, UN-DESA, Population Division (2009), reports that the
current annual growth of about 78 million people in the world’s population is

Don Hinrichsen declares no competing financial interests.
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about 12 million fewer than previously estimated. In fact annual world popu-
lation growth fell from 2 percent in 1970 to 1.17 percent in 2005. Over the
same period, average fertility fell by nearly half, from 4.5 children per woman
to 2.6, while average life expectancy rose from 58 years to 67 years, and the
annual death rate dropped from 11 deaths per 1,000 people to 8.6 per 1,000
(UN-DESA, Population Division, 2009). Already, sixty-five countries, of which
only nine are in the developing world, have fallen below replacement-level fer-
tility. Population growth will level off when replacement-level fertility—about
2.1 children per couple—is reached (UN-DESA, Population Division, 2009).
If current trends continue, this point will be reached around the middle of
the twenty-first century (UN Population Fund, 2003; UN-DESA, Population
Division, 2007).

The rapid drop in fertility levels among women in the developed countries of
Europe, Asia, and North America has, according to some analysts, given rise to
a new demographic imperative, termed the birth dearth. Proponents argue that
the population problem is over and that the world is now facing a new threat:
depopulation. However, the birth dearth theory is undermined by the crucial
fact that nearly half the planet’s population is under the age of twenty-five. In
fact, 1.2 billion people are between the ages of ten and nineteen, the largest
cohort of young people in history (UN Population Fund, 2003). Because over 90
percent of them live in developing countries, their access to family planning and
reproductive health, or lack of it, will to a great extent determine future human
numbers. Clearly, the future demographic profile of the planet will be written by
the world’s poorest countries, not its richest. Moreover, although Africa’s fertility
rate has dropped on average across the entire continent (some countries remain
exceptions), it is declining from a very high rate. A drop of half a percent—from
3 percent to 2.5 percent—will do little to stop the momentum of population
growth. Poor populations will continue to grow in unsustainable fashion through-
out much of Africa.

The drop in Africa’s fertility levels is attributed in part to the AIDS pandemic.
Currently, some 40 million people globally are HIV positive, three-quarters of
them in sub-Saharan Africa. The main reason that populations are still growing
in Africa is the rising numbers of young people. Even with AIDS the momentum
of numbers means that populations will continue to grow, especially if couples do
not have the information and means to plan their families. Moreover, according to
recent studies by the Joint United Nations Programme on HIV/AIDS (UNAIDS),
the pandemic appears to be leveling off in many sub-Saharan countries, a result
of advocacy efforts and prevention programs (UNAIDS, UNFPA, and UNIFEM,
2004). Therefore the current trend in Africa continues to be toward a rising
population.
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PERSPECTIVE
Measuring Population Impact

There is no easy way to measure the impact of human activities, including population
growth, on the environment nor any single agreed-upon approach. Nevertheless
several approaches have been developed that demonstrate the complex relationships
involved (Cohen, 1995; Ehrlich and Holdren, 1971; Goodland, 1992).

One approach to measuring the impact of human use of natural resources is
to place an economic value on environmental goods and services. These include
such natural resources as unpolluted freshwater, clean air, ocean life, forests, and
wetlands—resources that have traditionally been regarded as free goods or common
resources. A global study (Constanza and others, 1997) estimated the total value of
ecosystem services and products at $33 trillion per year—an amount greater than the
total value of the global economy as traditionally measured ($29 trillion in 1998).

Although there is little agreement on how to value natural resources, some
economists argue that environmental goods and services should be incorporated
into estimates of gross domestic product (GDP), as are manufactured assets. Unlike
manufactured capital, which depreciates in value over time, environmental capital
(such as forests, fisheries, and unpolluted air and water) is currently not considered
to depreciate, and no charge is made against current income as these resources
are used up. Robert Repetto (1989) of the World Resources Institute, in criticizing
this approach, notes that a “country could exhaust its mineral resources, cut down
its forests, erode its soils, pollute its aquifers, and hunt its wildlife and fisheries to
extinction, but measured income would not be affected as these natural assets dis-
appeared” (pp. 2-3).

POPULATION AND URBANIZATION

The world is also in the middle of an urban revolution. In 2008, for the first
time in history, more than 50 percent of the global population lived in towns and
cities. By 2030, that proportion is expected to reach the 60 percent mark (UN-
DESA, Population Division, 2008). Between 2007 and 2050, the world’s urban
population is on course to double, from 3.3 billion to 6.4 billion (UN-DESA,
2008). The pace of urbanization in many developing countries is breathtaking.
Big cities in Africa, for instance, are growing on average by around 4 percent per
year, enough to double their populations in less than twenty years. (Conditions in
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If natural resources were valued in the same way that manufactured assets are
valued, that might help economies to use them more efficiently and to conserve them
in order to ensure continued use in the future. Such valuations might help indicate
the economic as well as ecological benefits of protecting the environment. In other
terms, instead of drawing down their environmental capital, economies could begin
to live on its interest (Goodland, 1992).

I=PXAXT

This equation is one way of showing how developing countries with large and
rapidly growing populations affect the environment, even at low levels of affluence
and technology, and how developed countries with smaller populations also have a
substantial impact, because their levels of affluence and technology are so high (UN
Population Fund, 1991). In this equation, I is environmental impact, P is population
(including size, growth, and distribution), A is the level of affluence (consumption per
capita), and T is the technology used to provide the level of consumption.

The equation also helps to show the importance of slowing population growth as
part of any strategy to reduce humanity’s impact on the environment. For example,
even if per capita resource consumption (A) declined or technologies (T) improved
enough to reduce the environmental impact (/) of humanity by 10 percent, this gain
would be eroded in less than a decade if global population (P) were growing at 1.17
percent per year (UN Population Fund, 1991; UN-DESA, Population Division, 2007).

At current levels of population and technology, the impact on the environment is
considerable (Vitousek, Mooney, Lubchenco, and Melillo, 1997). Because consump-
tion levels are rising and will continue to rise, using resources more efficiently and
slowing population growth are essential to ease environmental impact and protect
human health (Hinrichsen and Robey, 2000; Upadhyay and Robey, 1999).

these cities and their health implications are described in Chapter Eleven.) This
level of growth is unprecedented and for the most affected countries not sustain-
able. The infrastructure of most cities in developing countries cannot keep pace
with such rapid and sustained urban population growth (Hinrichsen, Salem, and
Blackburn, 2002).

The rapid urban growth in the developing world is being driven by people
who are fleeing collapsing rural economies, lack of rural infrastructure and serv-
ices, landlessness, and lack of rural employment opportunities. These push and
pull factors will continue to drive urbanization, especially in developing countries.
Young people in particular are leading the flight to the cities.



264 ENVIRONMENTAL HEALTH

POPULATION AND ENVIRONMENT

Population increases and rising per capita consumption levels are leading to
environmental degradation and resource depletion at an unsustainable pace
(Kasperson, Kasperson, and Turner, 1995, 1999). In fact the world’s economies
are currently overshooting the Earth’s capacity to regenerate natural resources
by an estimated 39 percent, according to the Ecological Footprint of Nations: 2005
Update (Venetoulis and Talberth, 2006; see also Wackernagel and others, 1997;
Venetoulis and Talberth, 2008).

Every individual has an ecological footprint—the person’s effect on the sur-
rounding environment. The aggregate impact of humanity on the environment
varies in magnitude both with the number of people and with the amount of
resources that they consume, waste, or pollute beyond use (Wackernagel and oth-
ers, 1997). In some countries where population is growing rapidly and efficient
technologies to protect the environment are lacking, there 1s little choice but to
exploit natural resources to accommodate people’s needs. In other countries,
despite slower population growth and more efficient technologies, standards of
living are so high that the population treads heavily upon nature.

In fact, if the entire world population were to have the same standard of liv-
ing as the average American or Western European today, the equivalent of three
worlds would be required to supply the needed resources at current rates of con-
sumption and waste generation (UNDESA, 2003). In the United States, 306 million
people—Iess than 5 percent of the world’s total population—consume several
times that proportion of most global resources (Brown, Gardner, and Halweil,
1999; Markham, 2006). The average person in the United States uses the energy
equivalent of fifty-seven barrels of oil each year, compared to less than two barrels
for the average Bangladeshi.

When consumption levels are high, even slow rates of population growth
mean dramatic increases in resource use. In the United States in 1990, for exam-
ple, population growth alone increased energy consumption by an estimated
110 million barrels of oil. The U.S. population was growing by around 1 percent
per year in the early 1990s. That same year Bangladesh’s population base was
130 million, growing by 2.5 percent per year but using only 9 million barrels of
oil in total, a tiny amount compared to its size and rate of growth (UN Population
Fund, 1991).

Technology plays a mitigating role. Although the 20 percent of humanity in
the most affluent countries consumes close to 60 percent of the world’s energy,
most industrialized countries use energy more efficiently and produce less pollution
than developing countries do because the latter do not have the resources to invest
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PERSPECTIVE
Carrying Capacity

The term carrying capacity refers to the number of people the Earth can sup-
port. Estimates of carrying capacity vary a great deal, depending on what is being
included and how it is being measured. In 1976, for example, ecologist Roger
Revelle said that the Earth could support 40 billion people if everyone ate vegetar-
ian diets of no more than 2,500 calories a day. Such a diet would require convert-
ing all farmland to the production of grains and vegetables (Cohen, 1995).

Another estimate is that the Earth could support up to 10 billion people eating
meat diets (Cohen, 1995). Some have concluded that the Earth’s carrying capacity
may already have been exceeded in the sense that many people live in poverty and
that if people in low-income countries were to catch up with the living standards
of people in the developed world the world could support only 2 billion people
(Crenson, 1999).

Making calculations of how many people could exist on the Earth under a
variety of different scenarios probably is less important than determining how
resources can be used wisely and managed sustainably to improve living standards
without eventually destroying the natural environment that supports life itself.
Environmentalists, economists, and demographers increasingly agree that efforts
to protect the environment, achieve better living standards, and slow popula-
tion growth tend to be “mutually reinforcing” (Roodman, 1998). The World Bank
(1992) too has pointed out that reducing poverty, protecting the environment,
and slowing population growth are closely linked.

in energy-saving technologies or pollution control (United Nations Development
Programme [UNDP], 1997; World Health Organization, 1997). One of the
greatest challenges posed by rising consumption and economic development is to
use energy efficiently and to avoid pollution.

POPULATION-ENVIRONMENT SCORECARD

In 1992, concerned about worsening environmental conditions, delegates to
the United Nations Conference on Environment and Development
(UNCED), held in Rio de Janeiro, Brazil, stressed the need for action. This Earth
Summit, as it was also called, set specific goals for making environmental
improvements. Five years later, however, in 1997, a special session of the UN
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General Assembly, known as the Rio Plus Five Conference, found that lit-
tle progress had been made toward meeting any of the goals (United Nations
Environment Programme, 2000). In each sector—arable land, freshwater, oceans,
forests, biodiversity, and climate change—the 1997 UN assessment found that
environmental trends either were no better than in 1992 or had worsened. The
UN also found that poverty had increased, in part because of rapid population
growth (UNDP, 1998).

Land

Soil degradation is a widespread and growing problem, which contributes to
decreased agricultural yields. Causes of soil degradation include deforestation,
overexploitation for domestic uses such as fencing and fuel wood, overgrazing,
unsustainable agricultural practices, and conversion of arable land to residen-
tial and industrial uses. In the late 1980s, the United Nations Environment
Program (UNEP) supported the Global Assessment of Human-Induced Soil
Degradation (GLASOD). This effort identified four types of soil damage—water
erosion, wind erosion, chemical deterioration (including nutrient loss, acidifica-
tion, salinization, and pollution), and physical deterioration (such as compac-
tion, waterlogging, and subsidence)—corresponding to about 15 percent of total
land area worldwide (Oldeman, Hakkeling, and Sombroek, 1991). Cropland
was disproportionately affected; about 560 million hectares (out of a total of
1.5 billion hectares) of prime cropland worldwide were degraded. A decade
later the number had risen by 10 percent to about 610 million hectares. In
addition, grazing land suffering from moderate to severe degradation rose from
about 1 billion hectares to about 1.2 billion hectares during the 1990s (World
Resources Institute [WRI], 1998). Around the world the total amount of crop-
land and grazing land that suffers from soil degradation equals an area the size
of the United States and Mexico combined (WRI, 1998). Fertile topsoil is being
depleted between 16 and 300 times faster than it can be replenished (Kendall
and Pimental, 1994). Estimates are imprecise because of marked variation across
soil types and climatic conditions. Unfortunately, ongoing global assessment of
soil degradation has not continued.

The Convention to Combat Desertification, negotiated at the 1992 Earth
Summit, took effect in 1996 and by 2009 had been ratified by 193 countries.
Nevertheless, donor countries have not committed the resources needed to tackle
the problem of once productive land becoming desert, which is viewed as pre-
dominately a problem for the developing world (Agarwal, Narain, and Sharma,
1999; Adeel and others, 2007).
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Population growth has contributed to land degradation throughout the least
developed countries. In many countries of Africa and Asia, sons inherit equal
shares of land. Thus over the generations ever-growing families have meant ever-
shrinking farmsteads, forcing many people onto the less productive, marginal
farmland in hilly areas, drylands, and tropical forests (Doos, 1994; Brown and
Mitchell, 1997).

As the rural environment deteriorates due to land degradation and shrinking
farmsteads, small-scale farmers cannot produce enough food to feed their fami-
lies. Women and girls, in particular, pay the price with poorer diets; they suffer
increasingly from protein energy malnutrition and lack of vitamin A. The disease
burden for poor rural families unable to coax a living from shrinking farmsteads
1s manifested in chronic anemia and respiratory infections along with greater
susceptibility to malaria, dengue fever, and cholera.

Freshwater

Growing populations place considerable pressure on freshwater supplies, as
described in Chapter Fifteen. According to the World Resources Institute’s Pilot
Analysis of Global Ecosystems, as of 1995, 2.3 billion people, just over two of
every five people worldwide, lived in water-stressed areas, with a per capita water
supply of less than 1,700 m3/year. Of these, 1.7 billion people resided in highly
water-stressed areas, defined as having less than 1,000 m3/year of water per capita.
The WRI has projected that by 2025, at least 3.5 billion people—or 48 percent of
the world’s projected population—will live in water-stressed areas, 2.4 billion
of them under highly water-stressed conditions (Revenga and others, 2000).

Chronic water shortages will be perhaps the most limiting factor on future
economic development in these regions. Moreover, even though the percentage
of the population without access to potable water declined during the 1990s and
2000s, rapid population growth meant that more people than before lacked clean
water. As of 2007, an estimated 1.2 billion people lacked clean water, compared
to about | billion in 1990. (The health implications of an inadequate supply of
clean water are described in Chapter Fifteen.)

Oceans

During recent decades, coastal wetlands—including mangrove forests, salt ponds,
marshes, and brackish water estuaries—have deteriorated (Hinrichsen, 1998), and
development pressures have been a principal driver (Bryant, Rodenburg, Cox,
and Nielsen, 1995). For example, the Millennium Ecosystem Assessment (2003)
estimated that over half of the Earth’s total mangrove area was lost over the
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last two decades, driven primarily by aquaculture development, deforestation,
and freshwater diversion, and that about 40 percent of coral reefs were lost or
degraded during the last part of the twentieth century through overexploitation,
destructive fishing practices, pollution and siltation, and changes in storm fre-
quency and intensity.

Marine fisheries have declined dramatically over recent decades. Currently,
according to the Food and Agriculture Organization (FAO) of the United Nations
(2009), three-quarters of the world’s major commercial fish stocks are either fully
exploited, overfished, depleted, or are slowly recovering; only about one-quarter
of the stocks are considered underexploited. Commercial fleets, consisting of
some 4 million vessels, hauled in 81.9 million tons of fish, shellfish, and marine
organisms in 2006 (the last year for which data are available), a decline compared
to the average of 84.1 million tons over the previous four years. The alarming
state of capture fisheries has prompted FAO to warn that “the maximum wild
capture fisheries potential from the world’s oceans has probably been reached,
and a more closely controlled approach to fisheries management is required”
(FAO, 2009, pp. 7-8). Marine pollution coupled with the pressures of rising popu-
lation densities and loss of coastal resources threatens the livelihood of 200 million
subsistence and small-scale fishing families and indirectly affects as many as 2 billion
people in coastal areas (Hinrichsen, 1998).

A number of encouraging initiatives have been launched, but so far they have
had little impact. An intergovernmental agreement to combat land-based sources
of pollution was adopted in 1995, but its implementation is unclear and little
progress has been made. Similarly, two international initiatives launched in 1995,
although well intended, have yet to make an impact: the FAO Code of Conduct
for Responsible Fisheries and the UN Agreement on Straddling Fish Stocks and
Highly Migratory Fish Stocks.

Meanwhile, fisheries continue to be exploited at unsustainable rates. An esti-
mated 2 billion people, most of them in the Asia-Pacific region, depend on sea-
food for their protein intake. The erosion of access to seafood threatens the health
of these people. Unless ways can be found to ensure access to edible fish and
shellfish, the health of one-third of the planet’s population is likely to deteriorate
(FAO, 1995, 2009).

Since the 1992 Earth Summit, deforestation has increased in twenty countries
with large forest resources. In the Amazon basin in Brazil, for instance, the defor-
estation rate increased by roughly 70 percent in the decade after 1992, reaching
a toll of about 2.4 million hectares of tropical forest destroyed each year (Kirby
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and others, 2006). According to the Global Forest Resources Assessment of the
FAO (2006), the net loss of global forest cover during the 1990s was estimated at
94 million hectares—an area larger than Venezuela and equivalent to 2.4 percent
of the world’s total forested area. Between 2000 and 2005, the world lost another
37 million hectares of forest, mostly in the tropics.

Attempts to advance an international forest convention date from 1990. But
within a decade the international community shelved the idea as impractical, a
move supported by many nongovernmental organizations on the grounds that
a convention would only enshrine the standards of a weak consensus. The Earth
Summit process did generate the Intergovernmental Panel on Forests in 1995,
but in 1997, this group was transformed into the Intergovernmental Forum on
Forests, with a secretariat at the UN Division for Sustainable Development, in
New York. Owing to widespread opposition, no convention on forests is ever likely
to get to the negotiating table. Instead, international action now centers on getting
countries to enforce existing legislation and forest conservation initiatives (Kendall
and Pimental, 1994; FAO, 2006).

Healthy forest ecosystems are critical for maintaining the health and well-
being of approximately half a billion people who depend on forests for all or part
of their daily diets. With forests gone, and biodiversity with them, subsistence
cultures can no longer supplement diets dependent on one or two staples with
fruits, nuts, berries, and bushmeat harvested from the forests (WRI, 1997).

Biodiversity

Population growth exerts an inexorable pressure on ecosystems as resources are
depleted and as human settlements alter and fragment habitats. One result is spe-
cies loss, the only truly irreversible instance of environmental damage. The Earth
could be losing species at rates 100 to 1,000 times faster than natural background
rates, but there 1s little agreement on the numbers lost over the past decade (World
Conservation Union, 2007). It has been estimated, conservatively, that 27,000
plant and animal species were pushed into extinction every year during the 1990s
(Eldredge, 1998).

According to the World Conservation Union (IUCN), of the 41,415 spe-
cies of plants and animals on the IUCN Red List, 16,306 are threatened with
extinction or listed as critically endangered, endangered, or threatened, includ-
ing over 1,000 species of mammals, 1,221 species of birds (over 12 percent of
the total number), 1,808 amphibians (30 percent of the total) and over 2,000
species of freshwater fish (20 percent of the total identified) IUCN Red List,
2007). Moreover, the pace of extinction is expected to accelerate as more and
more prime habitat is lost or degraded, driven by expanding populations and by
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rising consumer demand in the developed world for products from some of the
most ecologically diverse countries (Myers, 1999). In addition, the FAO (1995)
estimated that about three-quarters of the genetic diversity of domestic cultivars
(cultivated crops) has been lost since 1900, with much of that destruction taking
place over the past two decades.

Biodiversity has important implications for human health (Cincotta and
Engelman, 2000; Grifo and Rosenthal, 1997; Chivian and Bernstein, 2008).
Many medications derive from plants, and medical research depends heavily
on plant and animal species. Biodiversity is essential for world food production.
Species loss may result in ecological imbalances, which may in turn promote the
emergence and spread of human infectious diseases. The loss of biodiversity is
therefore more than an environmental concern; it is a human health concern as
well (see also Chapter One).

The Convention on Biological Diversity, which was opened for signature at the
1992 UNCED in Rio, entered into force in December 1993, and 191 countries are
now parties to the convention, with 168 having ratified it (as of 2008). Unfortunately,
the United States has not ratified it. Without U.S. support, this convention is unlikely
to fulfill its objectives (UNEP, 2008; see also Kendall and Pimental, 1994).

Climate Change

Population growth and increasing prosperity together drive energy use. As
described in Chapter Thirteen, leading sources of energy such as biomass fuels
and fossil fuels release carbon dioxide when burned. The atmospheric concen-
tration of carbon dioxide has reached about 387 parts per million, up from 280
before the industrial revolution. Rising levels of atmospheric carbon dioxide, in
turn, contribute to climate change (see Chapter Ten).

Climate change has become widely acknowledged as a growing global prob-
lem. Solving the problem will be more difficult than recognizing it. In 1997, del-
egates to the UN Framework Convention on Climate Change, in Kyoto, Japan,
adopted a global framework for addressing climate change. They agreed that
developed countries should achieve a 5 percent reduction from their 1990 levels
in emissions of greenhouse gases by the 2008 to 2012 period. The Kyoto Protocol
was designed to enter into force when at least fifty-five nations, accounting for at
least 55 percent of total 1990 carbon dioxide emissions, had ratified it, a mile-
stone that was reached in February 2005. By early 2009, 183 parties had ratified
the Kyoto Protocol, but these did not include the United States, the only devel-
oped country that has not ratified the protocol. Moreover it had become clear that
many signatories had not reached the goals laid out in the Kyoto Protocol.
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POPULATION AND POVERTY

Rapid, unsustainable population growth is a principal contributor to poverty.
Currently, between one in four and one in five of the Earth’s people live in extreme
poverty, defined by the World Bank as earning less than $1.25 per day (World Bank,
2008a). Each day, over a billion people in the world cannot satisfy their basic food
needs. This level of poverty raises profound social justice concerns, and it has obvi-
ous health implications. Each day, 35,000 children under the age of five die from
starvation or from preventable infectious diseases aggravated by malnutrition.
Although the 1992 Earth Summit did not focus directly on slowing popula-
tion growth or on improving living standards, Agenda 21, the summit’s blue-
print for action, discussed the scope and dimension of the problems caused by
population growth and poverty (United Nations Conference on Environment and
Development, 1993). This document linked improvements to better resource man-
agement, identifying ecologically sensitive areas where heavy population pressures
were stressing resources, and called for the empowerment of local communities to
provide people with more opportunities to manage common resources on which
they depend for their survival. Equally important to achieving the goal of sustain-
able development are improving access to basic education for both boys and girls
and advancing the status of women, among other recommendations. In 1994,
two years after the Earth Summit, the United Nations International Conference
on Population and Development (ICPD) was held in Cairo. Although the envi-
ronment was not directly on the agenda, the important links among population,
development, and the environment were covered in the ICPD Programme of
Action. This document specifically mentions the important interrelationships
among population, resources, the environment, and development (ICPD, 1994).
Lower fertility and slower population growth, however, have not brought an
improved living standard for the average person. In 1980, about 2.5 billion people
lived on less than $2 a day, and that number changed little through 2005 (World
Bank, 2008a). Although some of this lack of progress reflects economic down-
turns in 1997 (in Southeast Asia) and in 2008 and 2009 (globally), which drove
millions from the lower-middle classes into poverty, it also reflects the fact that in
many countries population growth has exceeded economic growth.
However, extreme poverty decreased during recent decades, from 1.9 billion
in 1981 to 1.8 billion in 1990 to about 1.4 billion in 2005 (World Bank, 2008a).
Partly due to differences in population growth, the gap between rich coun-
tries and poor countries has continued to widen. Both within countries and
among countries, income growth and wealth accumulation have benefited the
wealthy far more than the poor (World Bank, 2008a, 2008b; International Labour
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Organization, International Institute for Labour Studies, 2008). Moreover, a dis-
proportionate number of the world’s poor are women and children (Buvinic,
1997). Of particular concern is the fact that in sub-Saharan Africa and South
Asia, countries with the world’s highest fertility rates and fastest population growth
also face the most poverty and the severest resource constraints. Chronic water
shortages, widespread degradation of arable land, rampant deforestation, rapid
urbanization, deteriorating health conditions, and other challenges confront these
countries as they seek to develop their economies (Brown and others, 1999; UN
Foundation, 2000; Munn, Whyte, and Timmerman, 1999).

Environmental Distress Syndrome

Population pressure and excessive resource use has increasingly threatened the
health of the environment itself. “We are no longer talking only of an increased
exposure to specific extraneous hazards as a cause of bad health. We are also
recognizing the depletion or disruption of natural biophysical processes that are
the basic source of sustained good health,” in the words of Tony McMichael
(1997), a professor at the Australian National University. McMichael notes the risk
to ecosystems within which food production occurs, and to such global systems
as the hydrologic cycle and the stratospheric ozone layer. Biologists recognize
that human numbers and human actions are causing “rapid, novel, and substan-
tial” changes to the environment (Vitousek and others, 1997). These changes
include degrading soil and water supplies; altering nature’s biogeochemical cycles,
largely by releasing enormous amounts of carbon dioxide into the atmosphere;
and destroying or altering biological resources. Chapter One discusses the links
between ecosystem health and human health in detail.

The term environmental distress syndrome denotes deteriorating environmental
conditions and concomitant threats to human health. Paul Epstein (1997), of
Harvard University’s Center for Health and the Global Environment, lists five
symptoms of this syndrome:

I. The reemergence of infectious diseases, such as cholera, typhoid, and
dengue fever, and the emergence of new diseases such as drug-resistant
tuberculosis.

2. The loss of biodiversity and the consequent loss of potential sources of new
drugs and crops.

3. The growing dominance of generalist species, such as crows and Canada
geese.

4. The decline in pollinators such as bees, birds, bats, butterflies, and beetles,
which are intrinsic to the propagation of flowering plants.
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. The proliferation of harmful algal blooms along the world’s coastlines, lead-
ing to outbreaks of diseases such as ciguatera poisoning and paralytic shellfish
poisoning (see also UNDP, 1998).

Such trends pose a disturbing question: At what point might the depletion
of the world’s ecological and biophysical capital redound against the health of
humanity? There is mounting evidence that we are already witnessing profound
changes in ecosystem viability and a rise in both new and old infectious diseases.
For example, the World Health Organization reported that a recent epidemic of
meningitis in sub-Saharan Africa coincided with an expansion of degraded agri-
cultural and grazing land—a result of changes in land use patterns and regional
climate change triggered by human activities (McMichael, 1997). Another study
has linked more frequent and severe El Nifio weather patterns to marked increases
in diarrheal diseases in Peruvian children (Checkley and others, 2000).

Clearly, population growth plays a major role in stressing the environment, and
needs to be part of the focus of those who care about environmental public health.

SUMMARY

The links among population, health, and
the environment are not difficult to discern.
As poverty deepens and environmental and
human health conditions continue to dete-
riorate, scientists have been able to shed
more light on the connections between the
health of the environment and the health
of vulnerable populations (Engelman, 1996,
2008). Good health is not just a matter of
access to quality health services; it is more
a matter of access to a livable and healthy
environment. Clearly, people cannot be
healthy without an environment conducive
to good health. Maintaining healthy ecosys-
tems, which in turn support healthy human
populations, remains one of the new mil-
lennium’s critical challenges.
Unfortunately, the natural environ-
ment, upon which all human development
rests, continues to deteriorate at alarming

rates across virtually all resource sectors.
The trends do not augur well for the future.
The loss of biodiversity, water shortages and
pollution, deforestation, desertification, the
death of coastal zones — all these major
trends are moving in the wrong direction.
Population growth is a major driver of this
movement. These trends compel us to ask
some very fundamental questions. Can
the gross depletion of essential life-support
systems be halted in time? If not, is the
Earth headed for a sixth big extinction?
Humanity’s own? What will the future bring
if climate change continues unabated and
sea levels rise by one meter or more? What
will happen as the world becomes predomi-
nantly urban? Can we learn to live within
our ecological constraints or boundaries?
And can we reduce our ecological footprints
so as to tread more lightly on the Earth?
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KEY TERMS
biodiversity Earth Summit United Nations Conference
birth dearth ecological footprint on Environment and
. . . Development
carrying capacity environmental
demography distress syndrome

DISCUSSION QUESTIONS

1. Some environmental groups have focused on population control or on limits
to immigration as central strategies. If you were on the board of an environ-
mental group, would you support such an approach? Why or why not?

2. What can individuals do to reduce their ecological footprint?

3. Why is reducing fertility levels so important for poor developing countries?
How does this change affect health, and how can it be done effectively?

4. Investing in and empowering women is considered one of the most cost-
effective investments a country can make toward economic and social devel-
opment. Why is this?
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CLIMATE CHANGE

JONATHAN A. PATZ

KEY CONCEPTS

B According to the United Nations Intergovernmental Panel on Climate Change
(IPCC), by 2100 average global temperatures are projected to increase between
1.8°C and 4.0°C, sea levels will rise, and hydrologic extremes (floods and droughts)
will intensify.

B Climate change is likely to have major effects on crop and livestock production,
as well as on the viability of fisheries. The number of people at risk for hunger
could double by midcentury.

B Climate change can threaten health more directly through heat-related morbid-
ity and mortality; flooding and storms with associated trauma and mental health
concerns; air pollution, especially from ground-level ozone and potentially from
aeroallergens (for example, pollen and molds); and infectious diseases, particu-
larly those that are water- or vector-borne.

B Weather-related health risks must be assessed in the context of concurrent envi-
ronmental stressors, such as the urban health island effect and land cover—-modi-
fying weather effects on mosquito-borne diseases.

B Risk management of climate change ranges from primary mitigation of green-
house gas emissions to a number of adaptations to a change in climate regime.
Both co-benefits and unintended consequences of policy changes in the energy,
transportation, agriculture, and other health-relevant sectors must be considered
in any comprehensive health impact assessment of global climate change.
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that poses widespread risks to human health and well-being. Among the
other aspects of global environmental change are ecosystem degradation
and land use change (discussed in Chapter One), petroleum depletion (Chapter
Thirteen), urban sprawl (Chapter Fourteen), and water scarcity (Chapter Fifteen).
Thus, although many equate climate change alone with the broader challenge

C LIMATE change 1s but one component of global environmental change

of global environmental change, this approach is too limited. In addition, cli-
mate change risks will emerge in the context of—and very likely synergistically
with—these other drivers of environmental change.

Climate change, whether resulting from natural variability or from human
activity, depends on the overall energy budget of the planet, the balance between
incoming (solar) shortwave radiation and outgoing longwave radiation. This bal-
ance 1s affected by the Earth’s atmosphere, in much the same way as the glass of
a greenhouse (or a car’s windshield on a hot day) allows sunlight to enter and then
traps heat (infrared) energy inside. An atmosphere with higher levels of so-called
greenhouse gases will retain more of this heat and result in higher average surface
temperatures than will an atmosphere with lower levels of these gases.

A major source of information on climate change 1s the work of the United
Nations Intergovernmental Panel on Climate Change (IPCC), which was estab-
lished by the World Meteorological Organization (WMO) and the United Nations
Environment Programme (UNEP) in 1988. Approximately every five years since
1990, the IPCC has conducted assessments of current scientific work on climate
change, the potential impacts of this change, and various prevention options. This
international body includes many outstanding scientists, representing multiple
sectors, and its reports are viewed as the most authoritative assessments on the
subject. Much of the information in this chapter is drawn from IPCC reports.

GREENHOUSE GASES

The composition of the Earth’s atmosphere has changed since preindustrial times.
These changes, which began around the mid-1700s, include increases in atmos-
pheric levels of carbon dioxide (CO,), methane (CH,), and nitrous oxide (N,O)
that far exceed any changes occurring in the preceding 10,000 years. Historical
levels of these greenhouse gases are known from analyses of air trapped
in bubbles in Antarctic ice cores (Etheridge, Steele, Francey, and Langenfelds,
1998; Gulluck, Slemr, and Stauffer, 1998). For example, the concentration of
CO,, the major greenhouse gas, has risen by approximately 35 percent, from
about 280 parts per million by volume (ppmv) in the late eighteenth century to
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about 380 ppmv at present. Higher greenhouse gas concentrations have contrib-
uted to warming of the Earth—an effect called positive radiative forcing—by
absorbing and reemitting infrared radiation toward the lower atmosphere and the
Earth’s surface. (Figure 10.1 summarizes the principal components of radiative

FIGURE 10.1 Components of Radiative Forcing
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All these radiative forcings affect climate and are associated with human activities or natural
processes discussed in the text. The values represent the forcings in 2005 relative to the start
of the industrial era (about 1750). Human activities cause significant changes in long-lived
gases, ozone, water vapor, surface albedo, aerosols, and contrails. The only increase in natural
forcing of any significance between 1750 and 2005 occurred in solar irradiance. Positive forc-
ings lead to warming of climate and negative forcings lead to cooling. The thick black line
attached to each bar represents the range of uncertainty for the respective value.



282 ENVIRONMENTAL HEALTH

forcing, Table 10.1 shows today’s concentrations of these greenhouse gases, and
Figure 10.2 shows their relative radiative forcing since 1900.)

A WARMING EARTH: FROM PAST TO FUTURE

Long-term climate change, whether from natural sources or from human activity, can
be observed as a signal against a background of natural climate variability (Figure
10.2). To help detect the meaning of this signal, we need historical climate data to
estimate natural variability. Because instrument records are available only for the
recent past (a period of less than 150 years), previous climates must be deduced from
paleoclimatic records, including tree rings, pollen series, faunal and floral abundances
in deep-sea cores, isotope analyses of coral and ice cores, and diaries and other docu-
mentary evidence. Results of these analyses show that surface temperatures in the
mid- to late twentieth century appear to have been warmer than they were during any
similar period in the last 600 years in most regions and in at least some regions warmer
than in any other century for several thousand years (Nicholls and others, 1996).

The temperature increase is accelerating rapidly. From 1906 to 2005, the glo-
bal average temperature rose by 0.74°C.. According to the IPCC, by 2100 average
global temperature is projected to rise between 1.8°C and 4.0°C (Solomon and
others, 2007). The rate of change in climate is faster now than in any period in
the last thousand years.

EARTH SYSTEM CHANGES

Although the average effect across the Earth’s surface is a warming, changing tem-
peratures are only part of the story. Higher temperatures evaporate soil moisture
more quickly (leading to severe droughts), but warm air can hold more moisture
than cool air, resulting in heavy precipitation events; such Ahydrologic extremes (floods
and droughts) are very much a part of climate change scenarios and of substan-
tial concern to public health professionals. Additionally, Arctic and Antarctic ice
caps are melting, releasing vast amounts of water into the oceans, raising ocean
levels, and potentially altering the flow of ocean currents. The