The Social Gradient in the Impact of the
Chernobyl Accident: The Case of Austria*

MARTIN HALLA MARTINA ZWEIMULLER
University of Linz & IZA University of Linz

incomplete draft paper
October 31, 2012

*Corresponding author: Martin Halla, Johannes Kepler University of Linz, Department of Economics,
Altenbergerstr. 69, 4040 Linz, ph.: +43 702468 8706, fax: +43 702468 28706, email: martin.halla@jku.at.
For helpful discussion and comments, we would like to thank Anders Bjorklund, Daniel S. Hamermesh,
Matthew Lindquist, Torsten Santavirta, and Rudolf Winter-Ebmer, as well as seminar participants at
Vienna (University of Economics and Business, University of Technology), Stockholm (SOFI), Hamburg,
Innsbruck, Niirnberg (IAB). The usual disclaimer applies. Moreover, we thank the following institutions
for providing us with data: Environment Agency Austria, Statistics Austria, Main Association of Austrian
Social Security Institutions, Upper Austrian Health Insurance Fund, and the Austrian Federal Ministry of
Finance. This research was funded by the Kérner Fonds and the Austrian FWF (NRN Labor Economics
and the Welfare State).



1 Introduction

The importance of early-life conditions for outcomes in later life is now widely recognized
among scholars in different disciplines. Economists are particularly interested in the
effect of early events on the accumulation of human capital (Almond and Currie, 2011).
However, several factors complicate the isolation of causal effects in this context. Ideally,
one would observe a link between an early exogenous shock and later outcomes in a
large-scale micro data set. For instance, Almond, Edlund and Palme (2009) interpret
the radioactive fallout from the Chernobyl accident in 1986 as an early shock to study
the role of latent variables in human capital formation. They find that Swedish children
in low-educated families born in fall 1986 that where prenatally exposed to radioactive
fallout had significantly lower grades in compulsory school at the age of 16. In contrast,
for children in highly-educated families no comparable effect is observable. For neither
group they detect any corresponding health damage. These estimates are identified by
the difference in rainfall levels while the radioactive plume was over Sweden; which led to
stark geographic variation in the levels of radioactive fallout.

While this research design is in principle very appealing the estimated long-term effects
are still hard to interpret. The estimated effects may not only entail the biological effect
of the shock, but also the parental response to it. Parents may either make compensating
or reinforcing investments in the child’s human capital. In the presence of asymmet-
ric parental investments along different dimensions of human capital, such reduced-form
estimates cannot be even unambiguously interpreted as upper or lower bounds of the bi-
ological effect (Conti, Heckman, Yi and Zhang, 2011). Thus, in order to fully understand
the effect of early-life conditions for outcomes in later life, it is crucial to examine also
the parental responses. In the case of the social gradient in the impact of the Chernobyl
accident it is possible that highly-educated parents had a larger compensatory (or smaller
reinforcing) response compared to low-educated parents.

In this paper we study the short and long-run effects of the Chernobyl accident on
the Austrian fall 1986 cohort with a special focus on the response behavior of treated
parents.” We aim to contribute to a better understanding of the reduced form estimates
of early childhood events on later outcomes, and to uncover the sources of social gradients
in these effects. Therefore, we extend the research design of Almond, Edlund and Palme

(2009) along several important dimensions.

"'Whether radioactive fallout from the Chernobyl accident in 1986 had detrimental effects on individu-
als living in Western European countries or not is still a controversial question. While this is an inherently
medical question, the clean identification strategy of Almond, Edlund and Palme (2009) distinguishes this
paper from earlier studies (summarized in Appendix A).

2 Austria ranks among the countries that received the most radioactive fallout. Differences in rainfall
immediately after the accident caused substantial geographic variation in ground deposition of Caesium-
137 fallout (half-life of 30 years) with maximum values of nearly 200 kilobecquerels per square meter. Only
Russia, Ukraine, Belarus and some parts of Scandinavia had fallout values higher than 200 kilobecquerels
per square meter; see Figure 3.5. in TAEA (2006).



First, we pay special attention to the tension between so-called culling and scarring ef-
fects.® In particular, we provide empirical strategies to check whether radioactive exposure
led to early (fetal) death, and whether these effects vary across low and highly-educated
families. In the presence of culling, estimated effects (on the surviving population) may
underestimate the true impact of the early shock. Second, we do not only consider prena-
tal radiation effects (i.e. the true causal effect of radioactive fallout), but we also aim to
quantify non-radiation effects resulting from prenatal behavioral adjustment.® Potential
parents in treated but also in control regions — both unaware of the actual local level
of radioactive exposure—may have changed their behavior in response to the accident.
This may generate a selected sample of children conceived and/or born, as well as directly
affect live births of this cohort. Again, this early response may differ across educational
groups. Third, we re-examine the impact of the radioactive exposure (and the accident
more general) on children’s health at birth and later in life. Fourth, we examine the
postnatal responsive investment behavior of parents. Therefore, we match information
on parents’ parental leave behavior, on further fertility behavior and on labor market
outcomes for the time span of over 25 years after the accident. This set of outcomes
should be very informative about parents’ compensating versus reinforcing investments in
their children’s human capital. Fifth, we estimate the effect of the early shock on labor
market outcomes of the treated cohort; who arrived by now on the labor market. This
reveals the impact of the accident (sum of biological effect and parental response) on the
productivity of treated children across socio-economic backgrounds. Finally, we carry out
an equivalent analysis for siblings of the fall 1986 cohort. Any difference between siblings
of treated and control children allow further inference on parents response behavior.

We find that in utero exposure to radiation levels (commonly considered harmless)
increased the incidence of early fetal death. This culling was more pronounced among
low-educated families and also for boys (i.e. we find a significant effect on the sex-ratio).
As a consequence, the surviving population exhibits better health outcomes at birth and
has a lower likelihood of infant mortality. There is also evidence for prenatal non-radiation
effects; highly-educated mothers (in treated and control regions) adjusted their behavior
in a way that further distorted the sex-ratio and resulted in a lower weight at birth.
We find evidence consistent with negative scarring effects of radiation. In particular we
find that mothers of treated children have less post-treatment fertility and reduce their
labor supply. Both effects indicate that affected children needed more attention, and

parents responded with compensating investment. Especially intriguing is the fact that

3See Bozzoli et al. (2009) for a simple model of culling (selection) and scarring.

4The identification of the radiation effects relies on random variation in the exposure to radioactive
fallout (over time and) between municipalities due to geographic differences in precipitation after the
accident. The identification of non-radiation effects rest upon the assumption that behavioral adjustment
did not vary with the exposure to radioactive fallout. While the former assumption seems in any case
indisputable, the latter assumption can be justified by the fact that actual level of local radioactive fallout
was verifiably not known at the time of the accident.



the labor supply effect kicks in only after school enrollment. This is consistent with
reduced cognitive abilities of treated children and in line with the findings of Almond,
Edlund and Palme (2009). This suggests that exposure to radiation entails a positive
culling effect on physiological health, and negative scarring effects on cognitive abilities.
Results on the labor market outcomes of treated children (and their siblings) are not
available yet.

Our results (so far) show that there is a potential large social gradient in the short-run
and long-run effects of early-life events that complicate the interpretation of reduced-form
estimates. In the case of the Chernobyl accidents we observe three important sources of
this social gradient. First, the early shock led to more pronounced culling among low-
educated families; which results in unequally selected samples to study later outcomes.
Second, (untreated) parents with low and high education processed the emerging uncertain
health risk information differently. Third, we observe some differences in the responding
investment behavior of parents (of surviving children) across different education groups.

Our findings have important ramifications for the economic literature interested in
the effects of early events on the accumulation of human capital. For instance, consider
the literature on environmental justice —studying the disproportionately high exposure
of individuals with low income to environmental hazards and the resulting impact on
their health and economic well-being. Our research design provides the unique opportu-
nity to observe randomly assigned environmental hazards free of any Tiebout sorting on
endogenous socio-economic characteristics.” Our findings of substantial treatment effect
heterogeneity — where detrimental effects decline along the educational distribution—
further suggest that in case of conventional environmental hazards (such as air pollution
as a byproduct of its production of a marketable good) the average treatment effect on the
treated should be higher than the average treatment effect. That means, even results from
empirical papers that have a fully credible research design to identify the average treat-
ment effect on the treated (as for instance, based on a difference-in-differences approach;
see examples in Greenstone and Gayer (2009)) can not be generalized.

Our results also hold important implications for public policymakers. An informed
discussion about the efficiency of nuclear power requires knowledge about the full cost
of nuclear and radiation accidents. At least, after the accident in the Fukushima Daiichi
Nuclear Power Plant in March 2011, there are serious doubts that even an advanced
economy can master nuclear safety. The benefits of nuclear power due to comparable
low emissions have to be contrasted not only with the private and social cost involved in
the normal operation, but also with the expected total cost of a nuclear accident. Our

estimation results provide evidence that accidents in nuclear power planets have large and

5This literature typically faces the econometric challenge that exposure to environmental hazards is
correlated with a host of confounding factors (Banzhaf and Walsh, 2008) that if unaccounted for lead to
an upward bias in the estimates.



long-lasting negative externalities (due to radioactive fallout) even for individuals living
about 1,000 miles away; which even translate into reduced economic productivity and
income many years after an accident.

The remainder of the paper is organized as follows. Section 2 describes the Chernobyl
accident and the resulting radioactive contamination of the western part of the former
Soviet Union and Europe. Section 3 presents our identification strategy, the data used,
and the econometric specification. Section4 discusses our findings. Finally, Section 5

concludes the paper.

2 Radioactive contamination of the environment due

to the nuclear accident of Chernobyl

On April 26, 1986 at 1:23 A.M. an accident occurred during a systems test at the Cher-
nobyl nuclear power plant in Ukraine (officially the Ukrainian Soviet Socialist Republic)
that caused the worst nuclear power plant accident in history. An explosion and fire
released large quantities of radioactive contamination into the atmosphere that was not
stopped until May 6, 1986.° As a result a plume of highly radioactive fallout spread over
an extensive geographical area and drifted in the following days over large parts of the
western part of the former Soviet Union and Europe.” The radioactive particles were
subsequently removed from the atmosphere solely due to gravitation (dry deposition) or
by any form of precipitation (wet deposition). Given that wet disposition is by far a more
efficient deposition mechanism (compared to dry deposition), the level of radioactive ma-
terial deposited on soil and other surfaces (so-called ground deposition) was predominantly
determined by the presence or absence of precipitation during the passage of the plume
(Clark and Smith, 1988).

Radionuclides can enter the human body through inhalation, ingestion, and absorp-
tion through the skin. The TAEA (2006, Chapter5) describes four main pathways by
which humans were exposed to the radioactive material released by the accident: (i)
external dose from cloud passage, (ii) internal dose from inhalation of the cloud and re-
suspended material, (iii) external dose from ground deposition, and (iv) internal dose from
the consumption of contaminated food and water. The latter two exposure pathways are

considered as the most important. That means, humans where exposed to high levels of

6This incidence was not immediately announced by the authorities of the Soviet Union, but has been
detected after radiation levels set off alarms at a nuclear power plant in Sweden located over one thousand
kilometers away from the Chernobyl. The world learned officially about the accident (two days later)
on April 28, 1986 through a 20 second announcement by the state television broadcaster in the Soviet
Union.

"The following link provides a computerized graphic reconstruction of the path of the first 14 days of
the radioactive plume, tracking the release of Caesium-137, created by the Institut de Radioprotection et
Stureté Nucléaire: http://www.irsn.fr/FR/popup/Pages/tchernobyl_animation_nuage2.aspx.


http://www.irsn.fr/FR/popup/Pages/tchernobyl_animation_nuage2.aspx

radiation if they were located in areas with high levels of ground deposition and /or if they
consumed large quantities of contaminated food and water. While it is not observable
who consumed large quantities of contaminated food and water, the external dose from
ground deposition should be highly correlated with the local level of ground deposition at
individuals’ place of residence. From a researcher’s point of view the Chernobyl disaster
provides, therefore, an ideal natural experiment to study the effect of the exposure to
radioactive ground deposition, since it seems save to assume that the spatial distribution
of precipitation during the passage of the plume was random.

The implementation of this research design is facilitated by the wide availability of
data on local levels of radioactive ground deposition. In the aftermath of the accident
the level of ground deposition of Caesium-137 (henceforth ¥7Cs) and other radionuclides
was measured comprehensively on the soil surface in most European countries (European
Commission, 1998). In the mapping of the deposition the focus was on 37Cs, because it
is easy to measure (ex post), and because of its radiological significance. It turned out
that the three countries (based on current borders) most heavily affected are Belarus, the
Russian Federation, and Ukraine. However, Austria, Sweden and Finland also contain

some heavily contaminated areas (see, for instance, Figure 3.5. in IAEA (2006)).

3 Research design

In this section we first present the Austrian radiation data we use to distinguish between
treated and control units. Then, we present the two most important innovations of our re-
search. First, we highlight the crucial tension between culling and scarring effects that has
to be considered in the interpretation of empirical estimates of the effect of the Chernobyl
accident, in order not to underestimate the true impact. Second, we discuss the potential
importance of non-radiation effects of the Chernobyl accident due to behavioral adjust-
ment (of parents). Following that we provide details on the outcomes under consideration,

and explain how we translate our research design into a regression framework.

3.1 Radiation data

In Austria radioactive fallout (due to Chernobyl) was measured at 1881 sites, which
provides on average of one sample per 45 square kilometers (Bossew et al., 1996, 2001).
Radioactive fallout is measured as ground deposition of ¥"Cs (half-life of 30 years) and
134Cs (half-life of 2 years) in kilobecquerels (kBq) per square meter (m?).® We focus on
average level of ground deposition of 3"Cs and aggregate measurements to the community-

level. This provides us with data for 925 (out of 2,357) communities, where each data

8Dose rate measurements of gamma radiation (in millisievert) immediately after the arrival of the
radioactive cloud (based on 336 dose rate meters distributed over the territory of Austria) show a high
correlation of dose rates with the deposition measurements of '*"Cs and 134Cs.



point refers to May 1, 1986.°
Figure 1 depicts the spatial distribution of contamination, where we distinguish be-
tween communities with a ground deposition of *"Cs below 17 kBq/m?, between 17 and

36 kBq/m?, above 36 kBq/m?, and communities without data.

Figure 1: Average Caesium-137 ground deposition in Austria on May 1, 1986
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UNSCEAR (2000) considers regions with 37 kBq/m? of 37Cs ground deposition or
more as contaminated. In Austria, the average level of contamination was around 23
kBq/m?. Communities with the lowest level of contamination recorded only 0.7 kBq/m?,
while the most contaminated areas had values of about 150 kBq/m?. Tt is this wide
range of (within country) variation in radioactive fallout (which is the result of the very
local presence or absence of precipitation during the passage of the plume) that makes
the Austrian case so particularly well suited for studying the impact of the Chernobyl
accident.

In order to define treated and control units, we distinguish between communities (and
their residing population) who were exposed to different levels of radioactive fallout. We
follow the criteria suggested by UNSCEAR (2000) and define the 175 communities in our
sample with 37 kBq/m? of 3"Cs ground deposition or more as treatment group 1 (7'1).
We specify two further treatment groups with higher levels of contamination. To the 130
communities with 42 kBq/m? of 37Cs ground deposition or more we refer as treatment
group 2 (T2), and to the 93 communities with 47 kBq/m? of 3"Cs ground deposition or
more we refer as treatment group 3 (7'3). As a control group (C) we use (in each case)
the 428 communities with 16 kBq/m? of ¥"Cs ground deposition or less. Communities
with medium levels of '37Cs ground deposition (i.e. between 17 and 36/41/46 kBq/m?)

9Note, the accident happened on April 26, however, the radioactive plume arrived on April 29 in
Austria.



are excluded from the analysis. Table 1 summarizes this grouping of communities.

Table 1: Definition of treatment and control groups

Average level of ¥7Cs No. of Mean
Group Acronym ground deposition (in kBq/m?) communities ~ 37Cs
Control group C less than 17 428 9
Ezxcluded® between 17 and 36/41/46 322/367/404 26/27/29
Treatment group 1 T1 37 ore more 175 51
Treatment group 2 12 42 ore more 130 56
Treatment group 3 T3 47 ore more 93 60

@ The cutoff-value, number of communities and mean level of *”Cs depend on the treatment group.

3.2 Estimation strategy

It is conjectured that radiation exposure is especially critical at a prenatal stage. While
a human embryo or fetus is protected in the uterus, and the radiation exposure to a fetus
should be lower than the dose to its mother, a embryo or fetus is particularly sensitive
to ionizing radiation. The empirical evidence on the effects of prenatal exposure on
child health is either based on case studies of children born to women who had been
treated with high doses of medical radiation while pregnant (De Santis, Di Gianantonio,
Straface, Cavaliere, Caruso, Schiavon, Berletti and Clementi, 2005) or on children who
have been prenatally close to the hypocenter of the atomic bomb explosions in Hiroshima
and Nagasaki (Otake and Schull, 1998; Yamazaki and Schull, 1990).

The possible effects of prenatal radiation exposure include immediate effects (such as
fetal death or malformations) or increased risk for cancer later in life. The Centers for
Disease Control and Prevention (CDC) concludes that gestational age and the radiation
dose determine the non-cancer health effects, while the carcinogenic risks are assumed to
be constant throughout the pregnancy. Radiation-induced non-cancer health effects are
especially detrimental in the first weeks after conception, since an embryo is made up of
only a few cells. A damage to one cell (the progenitor of many other cells) may cause the
death of the embryo, and the blastocyst will fail to implant in the uterus. Non-cancer
health risks are supposed to decrease with gestation length. Beyond about 26 weeks, the
fetus is believed to be ‘relatively radio-resistent’ (i.e. equally sensitive to radiation as
a newborn). Given this medical evidence we follow Almond et al. (2009) and focus on
the impact of prenatal exposure to radiation. However, we do not restrict our sample to
children of gestational age 8 to 25 weeks at the time of the accident, but include the entire

fall 1986 birth cohort in our analysis.



3.2.1 Radiation & non-radiation effects

There are at least two channels through which the Chernobyl accident may have affected
the fall 1986 birth cohort. First, there might be a true causal effect of exposure to radioac-
tive fallout. Second, parents (and potential parents) may have changed their behavior due
to the Chernobyl accident. We refer to the former as radiation effects, and to the latter
as non-radiation effects.

A likely behavioral reaction may have been an adaption in fertility behavior. It is
plausible that some potential parents decided, due to fear or anxiety after the accident, to
postpone family formation by avoiding conception, or even by inducing an abortion. Most
likely, already pregnant women where extremely stressed and anxious in the aftermath of
the accident, which may had detrimental effects on the embryo or fetus. Experimental ev-
idence from animal studies suggests a link between exogenous in-utero exposure to mater-
nal stress (measured by cortisol levels) and poor offspring outcomes (Kaiser and Sachser,
2005). Aizer et al. (2009) show that exposure to elevated levels of the stress hormone
cortisol in-utero negatively affects offspring educational attainment and the probability of
a severe chronic health condition and verbal IQ) at age 7. Currie and Rossin-Slater (2012)
finds some evidence for complications of labor and delivery but no effect on birth weight
and gestation.

In the case of radiation effects one would expect variation in the estimated effects
according to the degree of exposure to radioactive fallout. In the case of non-radiation
effects, it is a priori not clear whether the degree of behavioral adjustment should vary
with exposure. However, given that individuals have not been aware of the local level of

ground deposition a uniform response across regions can be expected.

3.2.2 Culling & scarring effects

Radioactive exposure and/or non-radiation effects experienced in utero may do more than
‘scar’ survivors. That means, Chernobyl may have also increased fetal mortality as well as
early life mortality rates (‘culling’). Survivors exposed to Chernobyl are thus a potentially
selected sample, where selection is endogenous to the same adverse events as the scarring
effect. This tension between culling and scarring effects has been long recognized in
epidemiology. While the scale of the selective mortality is hard to assess we have a clear
expectation for its direction. It seems plausible that mortality tends to eliminate those
in poor health. In other words, survivors of Chernobyl should generally be positively
selected. That means, for the interpretation of the estimated effects we have to keep in
mind that negative scarring effects have to be sufficiently strong among the survivors to
exceed the positive effect of culling. In order to understand the full impact of Chernobyl
we do not only look at the outcomes (of the potentially selected sub-sample) of born

children, but we also try to infer the effect on the incidence of conceptions, miscarriages,



abortions, stillbirths, and live births.

Clearly, we do not have information on the incidence of sexual intercourse and concep-
tions. We also do not observe the incidence of miscarriages (medically termed spontaneous
abortion). Very early miscarriages (so-called early pregnancy losses) happen in many cases
before a woman may know she is pregnant and, therefore, without clinical recognition.
Later miscarriages, which occur after the sixth week since the woman’s last menstrual
period (so-called clinical spontaneous abortion) are unfortunately not universally docu-
mented in Austria. Still, miscarriages are a very common phenomena; the incidence of
spontaneous abortion is widely believed to be 50 percent of all pregnancies. Unfortunately,
we also do not have access to information on induced abortions. As in most countries,
Austria begins its comprehensive documentation of fetal mortality with stillbirths. The
definition of stillbirths (in particular, the differentiation to miscarriages) varies somewhat
across countries. In Austria, a stillbirth is defined as birth of a child of at least 35 cen-
timeter of length, without vital signs. Smaller fetus are categorized as miscarriages, and
therefore, not universally documented. Finally, live births are very well documented in
the Austrian Birth Register which comprises individual-level data on the parents and the
new-born.

In order to infer on the effects of Chernobyl on miscarriages we offer different (comple-
mentary) strategies. First, we follow Sanders and Stoecker (2011) and use the sex-ratio
of live (and still) births as a metric of fetal death. This methodology is based on an evo-
lutionary theory advocated by Trivers and Willard (1973). The so-called Trivers- Willard
Hypothesis states that the population sex-ratio responds to parental conditions. In or-
der to maximize the reproductive success of the offspring mothers in good conditions are
expected to have more sons, while mothers in poor conditions should have more daugh-
ters. This prediction can be rationalized by the assumption that the relationship between
health and mating success is less pronounced for women (compared to men). Put dif-
ferently, since males can in principle have children with multiple women, healthy males
could secure several mates, while males in poor health secure none. In contrast, in the
case of females, mating with healthy men is also possible for females in poor health.

The precise mechanism how mothers (or their reproductive system) favor either female
or male offspring, depending on their condition, is still debated. As prenatal mechanisms,
researchers discuss the prevention of the implantation of embryos of certain sex, or the
increased likelihood of certain fetal loss. In any case, there exists robust empirical evidence
(see, for instance, Almond and Edlund (2007); Catalano, Bruckner, Anderson and Gould
(2005); Hansen, Mgller and Olsen (1999)) that women in poor health (or under less
favorable conditions) are more likely to have female offspring. In our empirical analysis
we associate an increased probability of female births with an increase in miscarriages.

Second, we examine all conceptions between August 1, 1984 and July 31, 1987 and

distinguish between four different birth cohorts, where some of them are by definition

10



not affected by Chernobyl via conceptions and/or induced abortions. This is depicted by
Figure2. Birth cohort 0 (BCj) includes all children who were conceived before August
1, 1985 and most likely born before the Chernobyl accident.In particular, we define birth
cohort I (BCY) as those children who were conceived between August 1, 1985 and January
31, 1986. These children have been in utero for more than 3 months at the time of the
accident (second & third trimester), which ruled out the option of a induced abortion
(except for health-related reasons). That means, BC; can not be affected by a behavioral
response (at the extensive margin) that works through an adapted fertility and /or induced
abortion behavior. Children belonging to birth cohort 1T (BC};) were conceived between
February 1, 1986 and April 30, 1986. Since they have been in utero for less than 3
months at the time of the accident (first trimester) a behavioral response at the extensive
margin via an induced abortion was possible. Children from birth cohort III (BCy;r) were
conceived between May 1, 1986 and July 31, 1987. For these birth cohort a behavioral

response at the extensive margin via contraception and/or induced abortion was possible.

Figure 2: Cohorts

[ BCO { BCcl Y BCll | BC Il y >
I I | | I

1984/08 1985/08 1986/02 1986/05 1987/07 Conception date

Naturally, we do not observe the exact day of conception in our data. Based on the
stated gestation length measured in commenced weeks (gl) and the birth day (bd) we
compute the conception day (cd) as follows cd = bd — 7 % (gl — 0.5). That means, we
assume that a pregnancy with a stated gestation length of 38 weeks has lasted 38.5 weeks
or 269.5 days. We exclude conceptions 7 days before and after each cutoff date in order to
minimize errors in group assignment.'’ Moreover, we exclude teenage and older mothers

and focus on children born to mothers between the age of 20 and 40.

10Since we classify individuals by conception date (which is measured with error) we can not preclude
that, for instance, some children assigned to birth cohort 0 are born after the Chernobyl accident (those
with 40 or more weeks of gestation). Excluding conceptions 7 days before and after each cutoff date
should minimize this problem.

11



3.2.3 Outcome variables

The set of outcome variables covered in our estimation analysis allows us to comprehen-
sively evaluate (the social gradient in) the impact of Chernobyl on the outcomes of children
born in fall 1986. We examine (all available) health and human capital outcomes that
allow us to infer on the effects of the accident at a prenatal stage, at birth, during adoles-
cence, and early adulthood. Furthermore, we examine the postnatal investment behavior
of parents (mothers). Therefore, we match data from five main sources of data: (i) The
Austrian Birth Register includes the universe of all births in Austria with individual-level
information on socioeconomic characteristics and birth outcomes. We use this data to
quantify the (socioeconomic group-specific) incidence of live births on a community-level.
On an individual-level we examine a set of health indicators including the child’s sex,
gestation length, birth weight and Apgar scores. (ii) Combining information from the
Austrian Death Register allows us to estimate the incidence of stillbirths and infant mor-
tality on the individual-level. (iii) For two Austrian states we have access to the databases
of the respective statutory health insurance funds (that cover all private sector employees
and their dependents) that allows us to quantify individual health care utilization during
adolescence and early adulthood (age 12 to 22 for the cohort in utero). (iv) Data from the
Austrian Social Security Database allows us to analyze human capital formation and labor
market outcomes in early adulthood. In particular, we obtain individual-level information

on employment, broad occupation, apprenticeship training, wages and sick leave.

3.2.4 Econometric specification

For all outcomes that are measured on an individual-level our research design translates
into the following regression framework, which is performed for each definition of the
treatment group T# (T'1, T2 and T'3):

Outcome; . = By + B1BCt + B2 BCrr + BsBCrir + BaTHi
+055BCr X T#, .+ B BCrr x T#ic+ B:BCrir X T#i .
"‘X@C + 7y + 5m + ec + ei,c (1)

In this equation ¢ denotes individual and ¢ denotes community. This difference-in-
differences (DiD) estimation framework includes binary variables BCy, BCy; and BCyy; to
distinguish between the three birth cohorts as defined above, a binary variable indicating
the treatment status of each individual’s community (T#;.), and an interaction term
between each birth cohort indicator and the treatment status variable. Further, we control

for conception year fixed-effects (v, ), conception month fixed-effects (d,,,) and community

12



fixed-effects (6,).!"

The parameters 31, B2, and 3 give the estimated non-radiation effects for the three dif-
ferent birth cohorts, which differ in scope of potential behavioral adjustment. Therefore,
p1 gives the estimated non-radiation effects (for BCT) that work through miscarriages.
Po gives the estimated non-radiation effects (for BCr) due to miscarriages and induced
abortions, and f3 gives the estimated non-radiation effects (for BCpj;) due to miscar-
riages, induced abortions and conceptions. That means, if the non-radiation effects on
miscarriages would be equal for BC; and BCYy, then the difference between (5 and [
would give us the abortion effect. Equivalently, if non-radiation effects on miscarriages
and induced abortions would be equal for BC}; and BCyyy, then the difference between
B3 and [ would give us the conception effect. Given that non-radiation effects are con-
stant across treated and control communities, the parameters 5, B¢, and (7 provide the
estimated radiation effects for the different birth cohorts.

For the outcome that is measured on a monthly community-level (i.e. live births) we

drop the index ¢ from the regression framework presented in equation (1).

4 Preliminary estimation results

Please note this section is not fully written up yet, and the estimations for some outcomes

(see comments below) are still under progress.

4.1 Fertility and perinatal outcomes
4.1.1 Live births & fetal death

Table 3 summarizes the estimated effects on live births from monthly community-level
regressions. We exploit the available information on mother’s education to split the sam-
ple into children born to low educated mothers (with compulsory schooling or less) and
children born to highly educated mothers (with an educational attainment higher than
compulsory schooling). We do not find any statistically significant non-radiation effects.
However, for BCy; (which were in the first trimester post conception at the time of the
accident) we find a statistically significant negative radiation effect for low educated moth-
ers. The effect amounts to 8.6 to 11.1 percent fewer live births in exposed communities
and is significant for all three definitions of exposure to radiation (73 - 73). If we further
split the sample by sex of the child we find a negative (although less significant) effect for

both sexes.'? The radiation effect is smaller and less significant for children in the second

"Note that the treatment indicator T#; .. is dropped because of perfect collinearity with the community
fixed-effects 0.
12These results are available upon request.
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or third trimester post conception (BCy) which is consistent with the existing evidence
on the heterogenous impact of radioactive exposure over the gestation period (see above).

A reduced incidence of live births suggests strong culling. In other words, this would
imply that either some children are stillbirths or that embryos and /or fetus die at an earlier
stage (or both), and the surviving population is positively selected. Table 4 summarizes
the estimated effects on stillbirths from individual-level regressions. We do not find any
statistically significant effects, neither radiation nor non-radiation effects. This last result
suggests that radioactive exposure should lead to a higher incidence of fetal death. While
we can not directly observe early fetal death, we can use the sex-ratio as a proxy variable.
As the results summarized in Table 5 show we indeed find a statistically significant negative
effect on the sex-ratio in BCy;. Within the group of low educated mothers, exposure to
radiation in the first trimester post conception leads to 4.2 to 8.8 percentage points fewer
male births. The size and significance of the effect increases with the level of radiation.
Following the literature and interpreting this as evidence for miscarriages, this finding is
consistent with the negative effect on live births (and the zero effect on stillbirths).

These results further suggest that the relevant prenatal mechanism that distorts the
sex-ratio is male fetal loss and not the prevention of the implantation of embryos of a
certain sex. If male fetus (embryos) die at a very early stage — i.e. the mother’s body
already prevents the implantation of male embryos — then the male embryos can get
replaced (without much time lag) by a female embryo at the next conception, and the
sex-ratio may change with leaving the incidence of live births constant. However, if the
sex-ratio gets distorted at a later stage via male fetal loss, the incidence of live births
should decrease, as we observe.

In sum this set of results provides robust evidence that prenatal radiation exposure
(of about ¥"Cs ground deposition of 37 kBq/m? or higher) increases the likelihood of
prenatal death, and supports existing medical literature. Our analysis reveals that male
embryos and fetus are more vulnerable to radiation compared to female ones, and prenatal
radiation exposure distorts the sex-ratio substantially. Notably, the detrimental effects of
prenatal radiation exposure on prenatal mortality seem to include a social gradient. We
find very robust evidence that the decrease in the number of live births and the decreased
likelihood of male live births (our proxy for prenatal death) prevails only among low
educated mothers. The finding that radiation seems to harm (in this dimension) only
mothers from a lower socio-economic background is consistent with research on differences
in the reaction of low and highly educated individuals to emerging health risk information.
For instance, Aizer and Stroud (2010) show that highly educated women immediately
reduced smoking in response to the 1964 Surgeon General Report on Smoking and Health
while the low educated did not, and Anderberg, Chevalier and Wadsworth (2011) find
evidence for a differential response of low and highly educated parents to the measles,

mumps and rubella (MMR) controversy in the UK.
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4.1.2 Health at birth

In order to evaluate the impact of Chernobyl on the health at birth we have individual-
level data on gestation length, birth weight, and Apgar scores after one, five and ten
minutes available.'® For the interpretation of this set of health outcomes we have to
keep the tension between culling and scarring effects in mind. Since we only observe
the survivors—the most likely positively selected group of healthier newborns—our es-
timated radiation (and non-radiation) effects reflect the sum of a positive culling and a
negative scarring effect. Positive estimates would reflect a very strong culling which over-
compensates possible scarring effects. Negative estimates would indicate the dominance
of scarring. Statistically insignificant effects could either mean that culling and scarring
cancel each other out, or the lack of any causal effect of Chernobyl.

The estimation results on the effects on gestation length (see Tables 6 and 7) and birth
weight (see Tables 9 and 8) provide evidence for a positive culling through radiation effects
(that overcompensates any scarring effects, if existent). Most consistent with the results
on live births and fetal death we find that children born to low educated mothers are
about 3 percentage points less likely to be preterm births, i.e. born before a gestational
age of 37 weeks. The effect is less strong for total gestation length in days and amounts
to 1.5 additional days of gestation on average. In the case of birth weight, culling is
less evident. Children of low educated mothers do not have a significantly higher birth
weight or a lower probability of having low birth weight (defined as weighing less than
2500 grams).

Somewhat surprisingly, for some outcomes a similar pattern is also observed among
children born to highly educated mothers. For all birth cohorts we see a radiation effect of
about an additional day of gestation; the exact point estimates tend to increase with the
level of radioactive exposure. Again, this results suggests that culling effects dominate.
However, we find no evidence for a decreased probability of preterm birth. In the case
of birth weight the positive effects are concentrated at BC; with estimated effects of 4-6
decagrams—depending on the level of radioactive exposure.

For children born to highly educated mothers we also find some evidence for non-
radiation effects. Our estimation results suggest that behavioral adjustments resulted in
a lower sex-ratio and a lower birth weight in BC;.'* We find that children form this
birth cohort exhibit (uniformly across regions with different levels of contamination) a
reduced birth weight of minus three decagrams. This might be the result of a changed
diet of pregnant women and is consistent with evidence for a higher responsiveness of birth

weight to nutritional changes in the third trimester of pregnancy (e. g. Painter et al., 2005).

13The Apgar score is based on five criteria (appearance, pulse, grimace, activity and respiration) and
ranges from zero to ten.

14The effect on birth weight in BC7 is not due to the lower likelihood of having a male child and is still
significant if we condition on the sex of the child.
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For the Apgar scores (in the paper we present detailed output for the score after ten
minutes, see Table 10) we find little evidence for radiation or non-radiation effects for
neither socioeconomic group. For BC; we find some evidence for scarring of children
of highly educated mothers in communities with comparably higher levels of radioactive
exposure.

In sum these results indicate that the surviving population of children seem to be
positively selected with respect to health at birth.

4.1.3 Infant mortality

Please note the estimation results on the effect on infant mortality are available in Ta-

bles 11 to 14. This subsection, however, still needs to be written up.

4.2 Parental investments

Tables 7?7 to 19 provide evidence for postnatal responsive investment behavior of the

surviving kids’ mothers. More to follow.

4.3 Child outcomes later in life

This section is still in progress.

5 Conclusions

This section is still in progress.
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Appendix A Existing evidence on the effects of the
Chernobyl accident on reproductive out-

comes

The International Commission on Radiological Protection (ICRP) considers an effective
dose of 100 mSv as a threshold for effects after in utero exposure to ionizing radiation,
including the induction of cancer. Whether the Chernobyl accident caused any negative
health effects on individuals living in European countries is still under debate, despite the
much lower radiation dose those individuals were exposed to. (See for example the recent
debate in The Lancet (Holt, 2010).)

The existing evidence on the health impact of in utero exposure to the Chernobyl
accident (summarized below) is mainly based on epidemiological studies analyzing time
trends (across differently exposed regions') in the rates of live births, stillbirths, spon-
taneous (and induced) abortions, infant mortality and perinatal and postnatal outcomes
(e.g. pre-term birth, low birth weight, congenital malformations, incidence of specific
diseases). Any (short-term) deviations from the long-run trend after the Chernobyl acci-
dent are cautiously interpreted as evidence for radiation-related health effects. However,
most authors acknowledge the limited power of their studies to detect small effects and
emphasize that causal inference is hardly possible based on ecological studies. In light
of these limitations, most reviews of the existing evidence conclude that there is no con-
sistent evidence of detrimental effects of the Chernobyl disaster except for an increase in
thyroid cancer for individuals exposed in childhood, particularly in Belarus, Ukraine and
Russia. (e.g. Little, 1993; WHO, 2006; UNSCEAR, 2000).

There is some evidence for an increase in the proportion of stillbirths and the early
infant (or perinatal) mortality rate after the Chernobyl accident in Germany.? However,
these results have been challenged by other studies using German data and studies for
other countries (e.g. Finland, Sweden).? Furthermore, there is no evidence for a significant
relationship between the level of fallout and the rate of spontaneous abortions, congenital
malformations or other postnatal outcomes (pre-term birth, low birth weight, childhood
cancer).’ In contrast, there is some evidence for a decrease in the birth rate (independent
of the fallout level) 9-11 months after the accident in Sweden, Finland, Norway and Italy

and a temporary increase in the rate of induced abortions in Greece, Italy and Sweden.”

'However, this is not done in a difference-in-difference framework.

2See Liining et al. (1989); Scherb et al. (1999); Korblein and Kiichenhoff (1997); Scherb et al. (2000).

3See Blettner (2000); Grosche et al. (1997); Auvinen et al. (2001); Ericson and Kallen (1994).

1See Auvinen et al. (2001); Ericson and Kallen (1994); Irgens et al. (1991); Haeusler et al. (1992);
Harjulehto et al. (1989).

5See Auvinen et al. (2001); Ericson and Kallen (1994); Bertollini et al. (1990); Irgens et al. (1991);
Trichopoulos et al. (1987). Haeusler et al. (1992) find no effect on the counseling rate at pregnancy
termination clinics in southern Austria.
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Both effects may be attributed to the conflicting information in the media and the anxiety

of pregnant women in the first month after the Chernobyl accident.
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