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Abstract

Evidence shows that pollution exposure early in life is detrimental to
near-term health, and an increasing body of evidence suggests that
early-childhood health influences health and human capital outcomes
later in life. This article reviews the economic research that brings
these two literatures together. We begin with a conceptual model that
highlights the core relationships across the life cycle. We then review
the literature concerned with such estimates, focusing particularly on
identification strategies to mitigate concerns regarding endogenous
exposure. The nascent empirical literature provides both direct and in-
direct evidence that early-childhood exposure to pollution signifi-
cantly impacts later-life outcomes. We discuss the potential policy
implications of these long-lasting effects and conclude with a number
of promising avenues for future research.
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1. INTRODUCTION

The protection of human health is a principal motivation for environmental regulation around the
world. Children are particularly vulnerable to environmental exposures because their immune and
other bodily systems are still developing and they often engage in behaviors that increase their
exposure to toxic chemicals and organisms; e.g., they spend more time outside than adults do
(Makrietal. 2004, Schwartz 2004, Bateson & Schwartz 2007, EPA 2013). Rapid cell division and
an intense phase of epigenetic programming make the prenatal and immediate postnatal period an
especially sensitive one (Holt 1998, Gluckman et al. 2008, Baccarelli & Bollati 2009). As such, the
protection of children has become a driving force behind many environmental regulations.

The impacts of early-life pollution exposure are of interest for nonhealth reasons as well. Early-
life health affects long-term outcomes, including human capital accumulation, labor force par-
ticipation, and earnings (see Almond & Currie 2011a,b for a review of this literature). Thus, the
marginal returns to regulations that protect children may be both large and rather diffuse in that
they affect many outcomes.”

In addition to broadening the focus beyond health, economists have made two important
methodological contributions to the study of pollution impacts on children. First, economists have
developed a conceptual framework for considering the effects of pollution within the larger
framework of health production and investments. The framework implies, for example, that
a lifetime of investments may strengthen or attenuate the pure biological insults experienced early
in life. It also highlights that optimizing behavior, through residential sorting, can lead to non-
random assignment of pollution. For example, as discussed further below, individuals with higher
incomes are both less likely to raise their families in areas of poor environmental quality and more
likely to make greater investments in their children’s health. Failing to account for the correlation
of higher health investments with living in an area with better environmental quality biases
estimates of the effects of pollution.

Similarly, an optimizing framework leads to the consideration of avoidance behavior. Because
the consequences of toxic exposures are costly, particularly to children, parents may engage in
activities to prevent them. Avoidance behavior can muddy the measurement of biological effects
in epidemiological research. Ignoring avoidance behavior can also lead to significant under-
estimation of the social welfare costs of pollution because a narrow focus on the costs of morbidity
and mortality excludes the costs of avoidance activities (Courant & Porter 1981, Harrington &
Portney 1987, Bartik 1988).

A second, and related, contribution in light of concerns regarding endogenous exposure to
pollution is the use of quasi-experimental techniques to develop causal estimates of the effects of
early-life pollution. The shorter possible exposure period and more limited geographic mobility of
children allow quasi-experimental methods to more easily determine the effects of pollution on
children relative to adults. Such causal inference has enabled the detection of effects at markedly
low levels of pollution.

This article reviews the recent economic literature on the effects of early-life exposure to pol-
lution. We focus primarily on air pollution because it has received the most attention in the lit-
erature, largely due to greater data availability. The remainder of the article is organized as
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g 'In the United States, for example, Executive Order 13045 directs the EPA and other federal agencies to “ensure that its
' policies, programs, activities, and standards address disproportionate risks to children that result from environmental health

risks or safety risks” (Clinton 1997).
2Large returns to early-life interventions have been found in a number of settings outside of environmental health
(Schweinhart et al. 1993, 2005; Heckman 2000; Currie 2001).
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follows. The next section describes the contribution of economics to our understanding of the
impacts of early-life pollution exposure. We begin with a conceptual model, followed by a dis-
cussion of identification and welfare. Section 3 provides a structured review of the literature that
organizes papers into common themes. Section 4 offers some concluding remarks and suggestions
for future research.

2. WHAT DO ECONOMISTS BRING TO THE TABLE?
2.1. Conceptual Model

In this section, we develop a simple three-period model that builds upon earlier work on human
capital accumulation and investments (Grossman 1972, Cunha & Heckman 2007, Almond &
Currie 2011a,b) to highlight the salient features that link pollution and birth outcomes to health
and human capital later in life.

Our framework divides life into three distinct stages: early childhood, late childhood, and
adulthood. To fix ideas, one can view early childhood as beginning in utero and ending at age 5.
Late childhood would comprise the school years, and adulthood can be viewed as the post-
schooling period when people have typically entered the labor force. For simplicity, we model the
human capital production function of a representative individual and abstract from the endoge-
neity of pollution exposure, although we return to this problem in the next section (Neidell 2009,
Currie et al. 2011, Graff Zivin et al. 2011).

Assume that early-childhood (E) human capital H, is dependent on early-childhood pollution
exposure P and time-invariant family characteristics X, such as genetics:

Hg = fe(Pg, X). (1)

Late-childhood (L) human capital H; depends on late-childhood pollution exposure Py and on the
human capital accumulated during early childhood. Importantly, families can make investments I},
in their child that influence the legacy of those early-childhood outcomes. Those investments
depend upon realizations of human capital in the first stage of life.

Hy, = f(IL(Hg), PL). (2)

Finally, assume that adult (A) outcomes Ha depend on both early- and late-childhood human
capital. Given our focus on children, we ignore adult exposure to pollution and investments in
human capital such that adults in our model should be viewed as fully formed. Human capital in
adulthood is broadly construed to reflect the fact that pollution can affect cognitive attainment and
earnings as well as health (Graff Zivin & Neidell 2013).

Hp = fa(Hg, Hp). (3)

Equations 1-3 imply that the impacts of early-childhood pollution exposure on adult human
capital depend on the short-run effects of such exposure as well as on the propagation of those
effects through the rest of the life cycle. These pathways are easily shown by taking the total
derivative of Equation 3:

3Individuals may differ in their susceptibility to pollution for a variety of reasons apart from the explicit differences by stage of
life that we attend to here. This heterogeneity affects the gradient between childhood and adult outcomes, but the basic insights
from the model remain the same.
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Pg (or Pr) may also have a direct, latent effect on Ha, which does not act through changes in Hg or
in Hy. For the time being, we ignore the partial derivatives of Hy with respect to Pg and Py,
although we return to the question of latent effects below.

Our model of human capital accumulation can be used to illustrate several points regarding
childhood exposure to pollution. As discussed above, it is reasonable to assume that the early-
childhood period is one of greater sensitivity to pollution. The nine months in utero are a criti-
cal period for physiological development, and an increasing body of evidence suggests that fetal
programming can be adversely impacted by toxic exposures (Barker 1990, Bateson & Schwartz
2007, Almond & Currie 2011a,b). All else equal, this evidence suggests that an equal dose of
pollution has a bigger effect (in absolute value) in early childhood:

YV Pg =P|. (5)

oPg

oHg
oPL

‘aHL

In addition to greater contemporaneous health effects, early-life exposures can result in latent
health impacts. In particular, pollution may have epigenetic effects—permanent alterations in gene
expression—that can negatively impact intellectual growth and maturity later in life (Petronis
2010). Someone with latent epigenetic damage might initially appear to be in perfect health so that
the following might be observed:

OH,
“ALS 0. 6
Pl (6)

oHg
oPg

=0 and'

The long potential latency period between exposure and the outcomes of interest also provides
ample opportunity for effects to be amplified or dampened. Self-productivity and dynamic com-
plementarities in health and learning, whereby capabilities beget capabilities in a multistage
framework, suggest that early health shocks are multiplied over the life cycle (Cunha & Heckman
2007). The early manifestation of health and cognitive deficits may induce parental (dis)
investments in early childhood that also impact later-life outcomes. Whether parents compensate
for poor endowments at birth by increasing investments in those children or reinforce poor
endowments by directing their efforts toward children with better prospects is an open empirical
question in the literature (Behrman et al. 1994, Datar et al. 2010). If we expand the last term of
Equation 4 above, the role of these investments can be made more explicit:
dHA 0fA oHg afA (afL aly. ()HL>

dPr OHp 0Py  0H.

ol oHy, oPg @)

If we assume that the effects of pollution exposure are detrimental, self-productivity and dynamic
complementarities imply that % is large and negative—early deficits compound over the life
cycle such that the impacts later can be quite large. Compensatory investments correspond to the
case in which ;—;ILL is negative, whereas reinforcing ones imply that this term is positive.

The principal value of Equation 7 is conceptual. Data limitations imply that all empirical
investigations in this area paint a partial picture of this total derivative. Nonetheless, the equation

underscores the connections across a wide range of empirical literatures within economics, in-
cluding the environmental, education, labor, and health fields. This basic model also highlights the
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policy importance of the question addressed in this review. If the legacy effects of early pollution
exposures are large, then even modest interventions to protect young children may have profound
impacts on societal well-being and future economic growth. Of course, such benefits would have to
be weighed against the costs of any regulatory efforts to protect children, and a proper welfare
calculation should incorporate the costs borne by households seeking to avoid pollution and/or to
compensate for its effects.

2.2. An Emphasis on Identification

Whereas the conceptual model just described has intentionally eschewed concerns about the
endogeneity of pollution exposure, empirical economic studies on the effects of the environment
on child health have not. Endogeneity can arise through two primary channels. The first is Tiebout
sorting (Tiebout 1956), through which people vote with their feet by choosing residential locations
on the basis of area characteristics, such as pollution levels or attributes coincidentally correlated
with pollution levels. A growing body of empirical evidence suggests that sorting based on en-
vironmental quality is indeed a major factor affecting residential location. For example, Banzhaf &
Walsh (2008) find that high-income families tend to move away from highly polluted areas, and
Currie (2011), Currie & Walker (2011), and Currie et al. (2011) find that improving environ-
mental quality in an area increases the share of pregnant women who are white and college
educated. As a result of this sorting, areas with higher levels of pollution may also have other
unobserved characteristics correlated with health, suggesting that omitted variable bias is likely to
confound estimates.”

The second source of endogeneity arises from avoidance behavior. If individuals take actions to
protect their children’s health when pollution is high, these actions lead to nonrandom assignment
of ex post pollution exposure. These kinds of actions require knowledge of pollution levels, either
through experiential changes in health or, as may be more likely for younger children, through
publicly provided information. The dissemination of pollution information to the public is
mandated in many large cities and is often accompanied by recommended strategies for pollution
avoidance, such as staying indoors or shifting activities to times of the day when pollution is
expected to be lower.

Because avoidance behavior is an ex post decision—it occurs in response to realized pollution
levels—its omission from analysis does not introduce a bias per se in estimates but rather affects the
interpretation of estimated relationships. Estimates that account for avoidance behavior uncover
the direct biological effect of pollution on health (0HA/0Pg). Estimates that do not account for
avoidance measure a reduced form effect of pollution on health, which consists of the biological
effect plus the degree to which avoidance behavior (Ag) is successful in averting detrimental health
effects (dHa/dPg = 0H /0Py + 0H a/0Ag-0Ap/0Pg). Both estimates can be used to monetize the
benefits from improvements in environmental quality, so the focus of estimation depends on the
research question.

Economists have addressed endogeneity concerns with quasi-experimental techniques such as
finding natural experiments that result in unexpected shocks to environmental quality. These
shocks can be driven by government regulation (such as the Clean Air Acts in the United States), by
unexpected changes in industrial production (such as strikes and plant closings), or by cata-
strophic events (such as temperature inversions and wildfires). Another approach consists of

*We also note that pollution, rather than people, may sort, whereby polluting industries locate in areas with lower land prices,
which also tend to be areas with residents of lower socioeconomic status.
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exploiting high-frequency variability in pollution over short periods of time in conjunction with
local area fixed effects, under the assumption that sorting in response to environmental changes
occurs more slowly than health changes. A final approach consists of within-family designs, such
as sibling comparisons, which hold fixed many unobserved characteristics common to children
from the same family.

Although each approach has its advantages, important limitations must be recognized. For
example, although an unexpected productivity shock can affect air pollution, it can also directly
affect health through job losses or through the loss of health insurance (Sullivan & Von Wachter
2009). And the more that time elapses from the time of the shock, the greater is the probability that
residential sorting complicates the picture. Natural experiments also do little to directly address ex
post avoidance behavior. Despite these limitations, we show below that the weight of the evidence
suggests that early-life exposure to pollution has negative long-term effects.

3. LITERATURE REVIEW

Some of the earliest work by economists on the relationship between pollution and children’s
health is in chapter 8 of the seminal book by Lave & Seskin (1977). Their work highlighted the
association between air pollution in US cities and infant mortality and spawned a huge literature in
both public health and economics on the subject. Although early studies were necessarily cor-
relational in nature, increases in data availability and advances in econometric techniques have led
to tremendous changes in this literature, as highlighted at the beginning of this article. These
advances have had a tremendous impact on the magnitude of estimates. Lave & Seskin estimate an
elasticity of the dose-response function between particulates and infant mortality that ranges from
0.04 to 0.07. Two more recent studies with comparably defined variables (Chay & Greenstone
2003a,b; described below) estimate elasticities ranging from 0.3 to 0.45, an order of magnitude
higher.

In this review, we limit our attention to the quasi-experimental papers that exploit these data
and econometric revolutions to examine this relationship between pollution and children’s health
in a causal framework. Tables 1 to 4 (see below) summarize this literature with respect to air
pollution—the most reliably recorded measure of environmental quality. A general feature of this
literature is that, although impacts are often attributed to a single pollutant, emissions of many
pollutants tend to be highly correlated and may come from the same sources. For example, an
analysis of the effect of carbon monoxide (CO) exposure on birth weight may really be measuring
the effect of automobile exhaust, which includes particulate matter, nitrogen oxides, and other
chemicals in addition to CO. Even analyses based on multipollutant models rarely have measures
of all relevant emissions. That all pollutants are emitted from the same source may not matter from
a policy perspective but certainly limits generalizability across settings.

3.1. Long-Term Effects of Air Pollution

Table 1 shows that relatively few studies make a direct connection between childhood exposure to
pollution and long-term outcomes such as educational attainment and earnings. The small number
of studies is largely due to limitations in data availability: Data that allow for the linkage of adult
outcomes with childhood environmental quality are rare. In the absence of such data, some
researchers employ a cohort approach to exploit differences between cohorts of children born just
before and after an environmental shock. This approach generally works best in the case of a large

shock.
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Almond et al. (2009) study the fallout from the Chernobyl nuclear disaster by using detailed
Swedish administrative data. Although Sweden is more than 500 miles away from Chernobyl,
weather conditions forced some of the plume of radioactive particles to pass over Sweden. Local
variation in rainfall levels led to stark geographic variation in the levels of fallout throughout the
country. By comparing cohorts in affected and unaffected areas, and cohorts in utero just prior to
the disaster and during the disaster, Almond et al. demonstrate that radiation exposure reduced
overall grades by 2.5 percentage points and mathematics test scores by 6 percentage points, despite
the fact that the amounts of radiation involved were below thresholds widely considered, at the
time, to be safe. Almond et al. also find no immediate effects on health, as measured by birth
outcomes and childhood hospitalizations, underscoring the latent nature of these effects.’

Black et al. (2013) conduct a similar analysis of the effect of in utero exposure to radiation due
to fallout from nuclear tests. Using data from Norway, Black et al. first show that test frequency,
proximity to the coast, and rainfall patterns influenced the deposition of fallout. They find that
a one-standard-deviation increase in exposure during the eighth to sixteenth weeks of pregnancy
decreased IQ scores by .025 of a standard deviation. Exposure also led to reductions in years of
schooling and in adult earnings.

Using a large data set that follows Chilean children from birth, Bharadwaj et al. (2013) examine
the relationship between air pollution exposure in each month of pregnancy and fourth- and
eighth-grade test scores. They find significant effects of exposure to CO (and its correlates) and
ozone in the third and fourth months of pregnancy, a timing that is consistent with the results found
in Black et al. (2013) and Almond et al. (2009).

Nilsson (2009) investigates the long-term impact of banning leaded gasoline in Sweden during
the 1970s. In an innovative design, he uses measures of lead from moss samples to infer ambient
lead levels in different areas of the country and shows a wide geographic dispersion of lead across
space and time. Linking the decline in ambient lead around the time of birth to later outcomes for
the affected cohorts, his estimates imply that reducing lead levels from 10 to 5 pg/dL (the current
regulatory standard in the United States is 15 pg/dL) increased high school graduation rates by
2.3% and earnings among young adults by 5.5%. The effects were larger for children of lower
socioeconomic status.

Sanders (2012) builds on the work of Chay & Greenstone (2003b; discussed below) by asking
whether cohorts affected by the reductions in US pollution caused by the recession of the early
1980s scored better on high school tests. A drawback to his analysis is that he cannot identify
where the mother resided when the children were born, so he is forced to assume that children were
born in the place where they attended high school. Despite this potential source of measurement
error, he finds that a one-standard-deviation decrease in total suspended particles around the time
of birth increases high school test scores by 6% of a standard deviation.

Isen et al. (2013) go further with a similar approach using restricted-access data on adult
earnings that include information on the actual county and date of birth of each worker. Their
identification strategy follows that of Chay & Greenstone (2003a) in using the pollution
reductions due to the passage of the 1970 US Clean Air Act Amendments (CAAAs) a source of
variation in pollution levels. Counties that were out of compliance with the new CAAA pollution
thresholds were identified as noncompliant and were required to lower pollution, whereas
counties with pollution levels just below the thresholds were not required to implement any

>The radiation levels found in Sweden are quite comparable to those emitted by radon and used in medical radiation.
However, policy levers for influencing exposure from such sources are quite different from those found in typical
environmental policy.
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changes. Comparing counties initially just below the threshold with those just above the threshold,
Isen et al. find that each 10 pg/m? decrease in total suspended particles during pregnancy and early
childhood resulted in a 1% increase in annual salaries. Of course, ambient levels of particulates
have fallen greatly since the 1970s, so whether a similar decline in the United States today would
have the same impact is not clear.

3.2. Air Pollution and Infant Health

Given the difficulty in making a direct connection between early-life exposure to pollution and
later outcomes, much of the literature focuses on the effects of pollution on fetal and infant health
and then relies on the growing literature linking health at birth to long-term outcomes to make
inferences about the likely long-term effects. The most commonly used measures of early-
childhood health are birth weight (especially low birth weight, defined as less than 2,500 g),
prematurity (defined as gestation of less than 37 weeks), and either infant mortality (death within
the first year of life) or neonatal mortality (death within the first month of life). Table 2 summarizes
the literature focusing on the effects of pollution on infant health. The studies in Table 2 are
organized according to whether the country is a developed country or a developing country and
whether the pollutant is a criterion air pollutant or another type of pollutant.

3.2.1. Developed countries. Chay & Greenstone (2003a,b) conducted two landmark studies on
the effects of air pollution. The first study (Chay & Greenstone 2003a) pioneers the research
design based on the Clean Air Acts discussed above and used in subsequent studies. Applying this
design to county-level data, Chay & Greenstone estimate that a one-unit decline in particulates
led to 5-8 fewer infant deaths per 100,000 live births. Sanders & Stoecker (2011), using the same
natural experiment, examine the effects of pollution on sex ratios at birth. Because male fetuses
are thought to be more fragile than female fetuses, a decrease in the ratio of male live births to
female live births is suggestive of an increase in fetal losses. Consistent with this hypothesis,
Sanders & Stoecker find that a reduction in pollution increases the fraction of male fetuses. The
second Chay & Greenstone study (2003b) looks at the recession of 1982, which lowered
pollution in areas that experienced larger declines in manufacturing (i.e., this study follows the
research design of Sanders 2012). These pollution reductions led to significant decreases in
infant mortality.®

The levels of particulates studied by Chay & Greenstone (2003a,b) are much higher than those
prevalent today; for example, US PM (particulate matter of 10 pm or less) levels fell by nearly
50% from 1980 to 2000. Moreover, the Chay & Greenstone studies are able to examine only the
effects of particulates because other pollutants were not yet widely measured. In a similar inquiry,
Currie & Neidell (2005) focus on a more recent time period when additional pollution measures
are available. For identification, they use high-frequency variation in pollution within zip codes
over time. A disadvantage of this approach is that people living in persistently more polluted or
higher-variance areas may be systematically different from other people in ways that may correlate
with their children’s health. To control for these differences, Currie & Neidell include zip code
fixed effects and zip code—specific time trends and demonstrate that decreases in CO led to
improvements in infant mortality.

©Arguably, Chay & Greenstone were inspired by a series of epidemiological studies investigating the health effects of the
opening and closing of a steel mill in Utah in the 1980s (Pope 1989, Pope et al. 1992, Ransom & Pope 1995). Other researchers
have been inspired by these studies as well. For example, Parker et al. (2008) return to the same natural experiment and find
that preterm births declined when the mill was closed but rebounded when it reopened.
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In a related study, Currie et al. (2009b) use a large sample of infants born in New Jersey from
1989 to 2006 and who were subjected to different levels of pollution in utero. Currie et al. control
for fixed elements of family background shared by siblings by including family fixed effects. They
also focus on a sample of mothers who lived near pollution monitors to improve their assignment
of pollution exposure. They find that babies exposed in utero to higher levels of CO suffered
reduced birth weight and gestation length relative to their siblings, even though ambient CO levels
were generally lower than those mandated by current US Environmental Protection Agency (EPA)
standards. Their estimates imply that, on average, moving from a high-CO area to a low-CO area
would have a larger effect on infant health than having a pregnant woman reduce her smoking
from ten cigarettes a day to zero.

Because many papers find negative health effects of CO, and CO comes mostly from cars,
Currie & Walker (2011) exploit the introduction of electronic toll collection devices (E-ZPass) in
New Jersey and Pennsylvania to directly examine the effect of automobile exhaust on infant health.
Much of the pollution produced by automobiles occurs during idling and acceleration, so the
introduction of E-ZPass greatly reduced auto emissions near toll plazas. For example, E-ZPass
reduced CO by approximately 40% in the vicinity of toll plazas. Comparing mothers near toll
plazas (<2 km) with those who lived along the same busy roadways but further away from toll
plazas (2-10 km), Currie & Walker find that E-ZPass reduced the incidence of low birth weight
and prematurity by approximately 10%. In a related paper, Knittel et al. (2011) examine the effect
of traffic congestion in California by using data on traffic jams that temporarily increased pollution
levels. They also find significant effects of even relatively low levels of pollution on infant mortality
rates.

Recently, the number of studies conducted outside of the United States has grown considerably.
Using a design similar to that of Currie & Neidell (2005), Coneus & Spiess (2010) find large effects
of CO on infant health in Germany. Liichinger (2010), also focusing on Germany, uses the
mandating of sulfur dioxide (SO,) scrubbers in power plants as a natural experiment. He finds that
reductions in SO, led to significant decreases in the rate of infant mortality. Janke et al. (2009)
examine the relationship between localized pollution levels in Great Britain between 1998 and
2005 and the deaths of children under 15.” They estimate that a reduction of 10 pg/m> in PM is
associated with 4 fewer deaths per 100,000 births.

3.2.2. Developing countries. The impacts of pollution in developing countries are of independent
interest because pollution levels are generally higher and infant health is often much worse there
than in more developed countries. Thus, the same health insults may have larger effects, and the
data may also be used to test for potential nonlinear effects of pollution. However, whereas data
on pollution and health are often reliably recorded in more developed nations, such data may be
more difficult to obtain in less developed countries. Jayachandran (2009) overcomes this obstacle
by using satellite aerosol measures to track smoke from fires in Indonesia in 1997 and by using data
on missing children to infer infant mortality. She finds a reduction in cohort size for those exposed
to the fires” smoke during the third trimester of pregnancy and calculates that the fires resulted in
a 20% increase in deaths among fetuses and children less than 3 years of age.

Foster et al. (2009) also use satellite measurements to approximate pollution levels throughout
Mexico. Using participation in a voluntary pollution reduction program as an instrumental
variable, Foster et al. show that reductions in pollution improve infant mortality from respiratory
causes. Also focused on Mexico, Arceo-Gomez et al. (2012) use thermal inversions, which trap

"We include this study in Table 2 because the vast majority of such deaths are those of infants under 1 year of age.
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pollution, as an instrumental variable and find that CO has stronger per-unit effects on infant
mortality than in the United States.

Cesur et al. (2013) examine the switch from coal to natural gas in Turkey and find that a one-
percentage-point increase in subscriptions to natural gas was associated with a 4% decline in
infant mortality. A notable feature of this study is that, instead of focusing on the effect of
a pollutant per se, it focuses on a change in fuel delivery, which is perhaps more relevant from
a policy perspective. Greenstone & Hanna (2011) use air pollution data from 140 Indian cities and
find that air pollution regulation substantially reduced pollution. These regulations also led to
a statistically insignificant decrease in infant mortality, although the several data limitations noted
suggest that their results should be interpreted with caution.

3.2.3. Noncriteria pollutants. Mostofthe studiesin Table 2 focus on so-called criteria pollutants,
including ozone, particulate matter, CO, nitrogen oxides, SO,, and lead, all of which are regulated
under the US Clean Air Acts. Much less is known about other hazardous pollutants. Industrial
plants in the United States emit approximately four billion pounds of toxic pollutants annually,
including more than 80,000 different chemical compounds (GAO 2009). Regulation of these
toxins is in its infancy, and most toxins have not undergone any form of toxicity testing (CDC
2009). For example, it has been known for decades that mercury is highly toxic, yet the first
regulation of mercury compounds in the United States—the Mercury and Air Toxics Standards—
was unveiled in December 2011.

Two studies use US county-level data from the EPA’s Toxic Release Inventory to document
a correlation between higher emissions and infant death (Currie & Schmieder 2009, Agarwal et al.
2010). Currie et al. (2013) further examine the effects of toxic emissions by using openings and
closures of more than 1,600 industrial plants that reported toxic emissions. By matching 1989-2003
data on 11 million individual birth records from five large states (Florida, Michigan, New Jersey,
Pennsylvania, and Texas) with pollution monitor data, Currie et al. first show that toxics can be
detected up to a mile away from a plant and that the average mother in these states lived within
a mile of these plants. They then show that infants within a mile of a plant have a 2%-higher
incidence of low birth weight compared with infants one to two miles away, despite the fact that the
two groups share equally in the economic benefits of plant operation. Although housing values
were also reduced, such reductions occurred only within a half-mile of a plant, suggesting that
some people at risk of poor health outcomes are unaware of the hazards.

Another paper that moves beyond the consideration of criterion air pollutants is Sneeringer
(2009), which examines pollution due to large-scale livestock operations. Although these oper-
ations have generated concerns regarding the pollution of water sources, animal wastes are also
associated with the production of particulate matter and of the noncriteria pollutants hydrogen
sulfide gas and ammonia, all of which can be harmful to the developing fetus. Sneeringer finds that
a doubling of livestock production in a county is associated with a 7.4% increase in infant
mortality. Although she cannot demonstrate a first-stage effect of the operations on pollution,
some evidence that the effect is primarily due to air pollution is obtained by examining causes of
death (accidents and homicide versus respiratory causes) and by comparing counties with differing
dependence on well water (higher dependence on well water is subject to more contamination).

3.3. Air Pollution and the Well-Being of Older Children

Table 3 summarizes studies examining the effects of pollution on the health of older children.
Because there is no convenient summary measure of child health that is analogous to birth weight
for infant health, most studies of child health focus on hospitalizations for respiratory infections or

Currie et al.
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asthma. Respiratory ailments are a leading cause of hospitalizations among children, comparable
in incidence only to the incidence of injuries, which are unlikely to be influenced by pollution.®

Ransom & Pope (1995) produce one of the first quasi-experimental studies of this type, using
the closure of a local steel mill as a natural experiment. They find that child hospitalizations for
respiratory conditions fell when the mill was closed and rebounded when the mill reopened. Since
then, a number of studies have used other clever natural experiments to identify the effects of
pollution. Beatty & Shimshack (2011) look at mandatory reductions in school bus emissions,
Lleras-Muney (2010) examines children in military households who are exogenously assigned to
areas with different pollution levels on the basis of the military’s needs, Lavaine & Neidell (2013)
use strikes that shut down oil refineries in France, Yu (2011) studies a behavior modification
experiment designed to reduce indoor air pollution from stoves, and Schlenker & Walker (2011)
use changes in pollution at California airports due to delays at East Coast hubs. All these papers
find that reductions in pollution significantly reduced child respiratory problems.

Two papers in Table 3 (Neidell 2004, 2009) highlight the potential impact of avoidance
behavior on the estimated effects of pollution. People take actions ranging from changes in daily
activities to moving their residence to reduce exposures to harmful pollutants. If people act to
lessen their exposure, then the potentially harmful effects of pollution may be understated by
estimation procedures that do not take these actions into account. A growing body of evidence
suggests that changes in daily actions effectively reduce exposure to pollution, even when those
actions are not taken directly in response to poor air quality. Consistent with the framework above,
the Neidell (2004, 2009) papers suggest that the effects of pollution exposure are much greater
than are generally estimated when precautionary actions are ignored.’

Table 4 illustrates that there are many fewer studies of the effects of pollution on nonhealth
child outcomes such as schooling attainment and test scores. This reality reflects both limitations
on the available data and conceptual difficulties in elucidating the way that pollution can be
expected to affect test scores. For example, because test scores reflect camulative knowledge, how
should we account for the effects of cumulative exposure to pollution? In principle, the same issue
applies to long-run health outcomes. However, as discussed above, most of the research examining
the effects of pollution on health outcomes focuses on relatively short run effects (e.g., effects of in
utero pollution on birth weight or effects of pollution on hospitalizations for asthma).

One potential mechanism underlying an effect of pollution on test scores is through absence—
children’s frequent absences from school because of high pollution levels may interfere with their
ability to learn. Currie et al. (2009a) find some evidence that, in Texas, higher pollution levels over
6-week attendance periods are associated with more student absences. Zweig et al. (2009) extend
this analysis by using class-level performance data at the school-year level to show that higher
pollution levels decrease scores on annual achievement tests. To address concerns that differences
in the student populations might be correlated with both pollution and lower test scores, Zweig
et al. include school fixed effects as well as observable student and family characteristics in their
analysis. Reyes (2011) does not have panel data but shows a strong cross-sectional link between
test scores in elementary schools in the 2000s and childhood lead levels in the same areas of
the schools a decade earlier. Lavy et al. (2012) examine whether high pollution on the day of

8As such, injuries can be a useful control condition for studies examining hospitalizations.

?Avoidance behavior is of considerable interest in its own right because it constitutes an important cost of pollution. Indeed,
a sizable literature focuses on estimating avoidance behavior to derive more complete measures of willingness to pay to avoid
pollution (e.g., Harrington & Portney 1987, Agee & Crocker 1994, Mansfield etal. 2006, Deschénes etal. 2012, Gerking et al.
2012). A review of this literature is beyond the scope of the current survey.
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a high-stakes test affects student performance. Using multiple test results for the same student and
student fixed effects, Lavy et al. show that Israeli students earned lower scores when subjected to
higher pollution on the day of the test.

4. CONCLUSIONS

The research reviewed in this survey is motivated by two broader literatures spanning several
academic fields. The first literature suggests that events in early life have effects that reach into
adulthood. The second demonstrates that pollution, especially discrete episodes of intense pol-
lution such as the London Fog of 1952, has significant effects on health. Putting these observations
together led researchers to probe this relationship directly: Does early-life exposure to pollution
have long-term consequences later in life? The studies reviewed here provide strong evidence that
such exposure can. Like all good social science research, this realization leads to a further set of
questions.

First, can we identify threshold levels of particular chemicals that are safe for fetuses and
young children? There is a preponderance of evidence that high levels of pollution (either his-
torically in developed countries or currently in developing countries) are harmful. A particularly
important question for policy is whether there is a safe level of these substances. A more subtle
issue is that the thresholds may differ across groups. For example, children in developing
countries may react more negatively to a given dose of pollution if they are already weakened
due to other health shocks. Conversely, in an environment in which the selective pressures of
a hostile environment imply that only the strongest survive, a given dose of pollution may have
milder effects.

Second, can we identify factors that protect against or exacerbate the effects of exposure? As we
stress above, the extent to which parents can avoid exposure has important implications for the
interpretation of the estimated effects of pollution. Whether parents can affect long-run outcomes
by remediating or exacerbating these early effects is similarly important.

Third, can we provide more evidence about how early-life exposure to pollutants affects not
only health but also other important economic outcomes such as education, labor force partici-
pation, and earnings? Our survey of the literature suggests that relatively little has been done in this
regard, particularly studies that directly examine the long-run impacts of pollution exposure in
early life. Quantifying effects on these outcomes is important for policy analysis.

Given the potentially long-lasting consequences from early exposure to pollution, the marginal
returns to pollution control may be particularly high for this vulnerable segment of the population.
As economists extend their reach into this arena and shed light on these key questions, their
analysis will better inform policy makers who must make significant decisions regarding the
different approaches to pollution control. Together, these questions compose an exciting and
important research agenda.
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