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ABSTRACT

Obesity not only leads to immense medical costs associated with treating
obesity-related illness but is also associated with lower employment prospects
and earnings. This study shows that sunshine-induced vitamin D may have a
preventive effect on obesity for children. We investigate the relation between
sun intensity from pregnancy until infancy on obesity at age six, using
population data of more than 600,000 children. Our findings show that the
effects of sun intensity on subsequent obesity are concentrated in the first six
months of life: 100 hours of additional sunshine over this period reduce
overweight by 1.1 percent and severe obesity by 6.2 percent. We offer two
main explanations for this pattern. First, infants’ vitamin D levels are
particularly sensitive to sunshine in the first six months of life, when lactation
is highest. Second, the first six months of life are a sensitive period for later
obesity, as this is the period when infants rapidly gain weight, and adipose
tissue develops.
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1. Introduction

Childhood obesity in the United States has risen from 5 percent to 10.4
percent between 1974 and 2000 among two-to-five-year-olds and further increased
afterwards (Cawley 2015). Other Western countries show similar trends (for example,
Zellner et al. 2007 for Germany; Black, Hughes, and Jones 2018 for Australia). Obesity
causes large costs, estimated at $14.1 billion per year in the United States through higher
medical services utilization of the affected children alone (summarized in Cawley
2010). Childhood obesity also strongly correlates with later obesity; about a third of
obese preschool children and about half of obese school-age children become obese
adults (Serdula et al. 1993). Adulthood obesity not only leads to immense medical costs
associated with treating obesity-related illness, amounting to $147 billion dollars per
year in the United States (Finkelstein et al. 2009), but is also associated with lower
employment prospects and earnings, in particular, for women (for example, Averett
2014). The long-term societal and individual costs of childhood obesity therefore
greatly exceed its direct medical costs and make it vitally important to better understand
its causes and ways to prevent it.

In this work, we seek to understand the effects of vitamin D on childhood obesity.
While an existing literature has explored this relationship, it has been challenging to
disentangle the impact of vitamin D exposure from that of other socioeconomic factors.
We shed light on this issue by exploiting plausibly exogenous variation in vitamin D
levels through sunlight exposure—the primary source of vitamin D for children and
adults (for example, Hossein-Nezhad and Holick 2013). There is clear evidence of
correlations between individuals’ exposure to sunlight and vitamin D levels on the one
hand (for example, Gorman et al. 2017) and between vitamin D levels and obesity in
adults and children on the other hand (Pereira-Santos et al. 2015; Turer, Lin, and Flores
2013; Wortsman et al. 2000).' The direction of causality, however, is unclear (Vanlint
2013). Do higher levels of vitamin D levels reduce the risk of obesity? Or do obese
individuals spend less time in the sun, leading to lower vitamin D levels in their bodies?
Our analysis is the first large-scale study that establishes a causal link from children’s
early sunlight exposure that induces vitamin D production to subsequent childhood
obesity. Although we do not directly measure the impact of sunshine on individual
vitamin D production, we consider vitamin D the most plausible channel through which
sunshine affects obesity.

Two recent studies adopt a similar design as us and establish a causal link between
increased sunshine exposure during pregnancy and birth weight for Black (but not
white) mothers who are particularly likely to be vitamin D deficient (Trudeau,
Conway, and Menclova 2016) and between increased sunshine exposure during
pregnancy and the risk of asthma later in life (Wernerfelt, Slusky, and Zeckhauser
2017). Our work complements these papers by considering an additional outcome—
adiposity at age six—and by pinpointing the exact period—pregnancy versus the
first three, six, 12. or later months of life—when sunlight exposure is most relevant
for childhood obesity.

1. According to the meta-study by Pereira-Santos et al. (2015), obese and overweight individuals show a 35
percent and 24 percent higher risk of vitamin D deficiency than average weight individuals.
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Our empirical analysis is based on data from compulsory school entry examinations
and health screenings undertaken by pediatricians and covering all children prior to
school entry at age six in 44 German districts over nearly two decades. We combine this
data source with information on daily sun hours at the district level. To obtain the causal
effects of sun intensity on childhood obesity during pregnancy and during different
stages of a child’s life, our research design holds constant important confounding
factors, such as district of birth, which may be correlated with children’s health through,
for example, differences in lifestyles or diets (for example, Sofi et al. 2014; Tucker and
Gilliland 2007); year of birth, which may be correlated with children’s health through,
for example, business cycle effects (for example, Dehejia and Lleras-Muney 2004); and
month of birth, which the existing literature has shown to correlate with demographic
characteristics (for example, Currie and Schwandt 2013) that are themselves correlated
with obesity.

Our analysis shows that 100 hours more sunshine in the first six months after birth—
equivalent to the increased sun intensity from a two-and-a-half-week-long holiday in
winter to a destination where sunshine is similar to that in summer—reduces overweight
at age six by 1.1 percent and severe obesity at age six by 6 percent. These estimates
imply 1,119 fewer overweight and 420 fewer severely obese children per birth cohort
(677,947 children were born in 2010 in Germany) per 100 additional sunshine hours in
the first six months after birth. In contrast, increased sunshine hours in the second half of
the child’s first year and beyond have no detectable impact on overweight or severe
obesity at age six. Increased sun intensity in the last trimester of pregnancy also tends to
reduce the risk of subsequent adiposity, but this effect is smaller in magnitude than that
of sun intensity in the first six months of life and statistically significant in only some
specifications.

There are three main explanations for why the effects of sun intensity—induced vi-
tamin D production own subsequent obesity is concentrated in the first six months of
life. First, the first six months of life coincide with the period when lactation is highest.
In this period, the typical infant acquires vitamin D primarily through the ingestion of
breast milk, which is likely to contain lower levels of vitamin D when sun intensity is
low. As the child gets older, baby food, which is typically enriched with vitamin D (for
example, formula or baby porridge), becomes a more important part of the child’s diet,
making their vitamin D levels less sensitive to sun intensity. Second, vitamin D may
directly reduce infants’ weight and BMI in the first six months of life, as it affects
lipogenesis, a metabolic process through which certain molecules are converted to body
fat (Wood 2008; Abbas 2017). Since BMI in the first six months of life is strongly
correlated with BMI later in life (for example, Taveras et al. 2009; Baird et al. 2005; Roy
et al. 2016), increased sun intensity in the first six months of life may directly lead to
higher risk of obesity at age six. Third, the functions of the adipose tissue primarily
develop in the first six months after birth. Vitamin D deficiency hinders this develop-
ment, increasing the risk of obesity later in life (Ding et al. 2012). The second and third
explanations suggest that the first six months of life are a sensitive period for subsequent
obesity.

Our paper contributes to the literature on the causes of childhood obesity. Existing
papers have focused on high calorie intake (for example, Currie et al. 2010) and lack of
physical activity (for example, Kimm et al. 2005) as the two main causes of childhood
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obesity. Our study adds an additional, so far unexplored, potential cause of childhood
obesity, insufficient exposure to sunlight and the resulting vitamin D deficiency in
pregnancy and early life. Even though the effect of sunshine in the first months of the
child’s life on later obesity is considerably weaker than that of dietary intake or physical
exercise later in life, our findings suggest that vitamin D supplements for infants, due to
their low production costs, may be a cost-effective way to reduce childhood obesity.

A small number of studies have directly investigated the effects of vitamin D sup-
plements early in life on children’s health outcomes later in life in randomized control
trials.” Hazell et al. (2017) report some suggestive evidence that vitamin D supplements
in infancy reduces fat mass and body fat at age three. This study, however, is based on a
small sample (132 children at baseline) and suffers from a large rate of attrition (only 66
percent of the 132 children participated in a follow-up at age three).

The randomized control study by Trilok-Kumar et al. (2015), which establishes a
causal link between vitamin D supplements in infancy and height and weight at age five,
is based on a considerably larger sample (2079 infants at baseline), although follow-up
attrition is high in this study too, with only 912 children (43.8 percent) participating in a
follow-up at age five. Our study provides several additional insights. First, while Trilok-
Kumar et al. (2015) concentrate exclusively on infants with low birthweight and con-
sequently oversamples children from disadvantaged families, we study the entire
population of children. Second, while Trilok-Kumar et al. (2015) focus on BMI as an
outcome and do not investigate the effects of vitamin D supplements along the BMI
distribution, we provide an analysis on adiposity and thus focus on the effects of
sunshine exposure on the upper tails of the BMI distribution. Third, while their inves-
tigation is for India, a developing country where both malnutrition and obesity are of
concern, our study takes place in Germany, a highly developed country where malnu-
trition is very rare, but obesity is not. In consequence, the hypotheses in Trilok-Kumar
etal. (2015) and our work are different. While Trilok-Kumar et al. (2015) conjecture that
vitamin D helps children with low birthweight gaining weight, we instead hypothesize
that sunshine-induced vitamin D reduces the risk that healthy children become over-
weight. Finally, in contrast to the study by Trilok-Kumor, our research design allows us
to pinpoint the exact period when vitamin D matters for later obesity.

We further contribute to the small literature that establishes a link between sun
intensity and health outcomes. Existing studies typically find that more sunlight is
related to lower obesity (see Gorman et al. 2017 for a review). In contrast to our work,
these studies typically focus on the contemporaneous link between sunlight and obesity,
rather than on the effects of sunlight during pregnancy and early life on obesity later in
life. Moreover, these studies exploit variation in sunlight either across districts (using
variation in sun intensity due to differences in latitude and altitude as, for example,
Woolcott et al. 2014 or Voss et al. 2014) or across seasons (for example, Dietz and
Gortmaker 1984 or Visscher and Seidell 2004), and are thus likely to overstate the causal
effect of sunlight on obesity that operates through raising vitamin D levels, as people are

2. For adults, studies are likewise scarce and inconclusive. While two double-anonymous randomized control
studies find that vitamin D supplementation enhanced weight loss (Mason et al. 2014) or lowered body fat mass
(Salehpour, Hosseinpanah, and Shidfar 2012) for specific subgroups, Soares, Ping-Delfos, and Ghanbari
(2011), in a summary of the literature, conclude that “current evidence from RCTs did not consistently support
the contention that calcium and vitamin D accelerated weight or fat loss in obesity.”
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often more active and eat a healthier diet in more compared to less sunny areas or
seasons, both of which are strong predictors of obesity (Sofi et al. 2014; Tucker and
Gilliland 2007). Our research design eliminates these confounding factors by leveraging
variation in sun intensity within districts and within seasons, across birth cohorts.

Overall, our findings highlight that increased sun intensity in the first six months of
life may have a preventive impact on obesity, most likely through raising vitamin D
levels. These findings have important public health implications, as vitamin D intake
can be increased easily and at low cost through dietary supplements.

In Section II, we review the mechanisms through which increased sun intensity at
various stages of a child’s life may affect current and subsequent obesity by raising
vitamin D levels, as discussed in the medical and biological literature. In Section III, we
describe the data sources used in the empirical analysis. In Section IV, we present the
empirical strategy to identify the causal effects of sun intensity at different stages of a
child’s life on childhood obesity at age six. We report findings in Section V and conclude
with a discussion of our findings in Section V1.

II. Sun Intensity, Vitamin D, and Obesity

Several studies have documented a clear and robust correlation between
vitamin D and obesity (Pereira-Santos et al. 2015; Turer, Lin, and Flores 2013;
Wortsman et al. 2000). The direction of causality is, however, unclear. On the one hand,
obese individuals may simply be less active and spend less time outside and may thus be
less exposed to sunshine than nonobese individuals, leading to lower vitamin levels in
their body (Vimaleswaran et al. 2013; Tucker and Gilliland 2007). At the same time,
obese individuals may consume a diet that includes fewer vitamin D-rich products, such
as fish, avocados, or mushrooms (Hypponen and Power 2007). On the other hand,
vitamin D levels may have a causal effect on obesity, as adequate vitamin D intake may
enhance weight loss and decrease body fat. The argument here is that vitamin D is
produced on the skin and in the adipose tissue under the skin. This process starts only
when the skin is exposed to sunlight. During this process of vitamin D creation, extra
calcium flows into fat cells, thereby affecting lipogenesis, a metabolic process through
which certain molecules are converted to body fat (Martini and Wood 2006).

While this argument provides an explanation for why current vitamin D levels may
causally affect current obesity risk, vitamin D deficiency in the first months of a child’s
life may have long-lasting effects on obesity once the child is older, as the first few
months of life are considered a sensitive period for the development of subsequent
obesity, for two reasons. First, the infant’s weight more than doubles in the first six
months and about triples in the first year of life (Butte et al. 2000). At the same time,
rapid weight gain in the first three and six months of life is strongly associated with
higher BMI later in life (for example, Taveras et al. 2009; Baird et al. 2005; Roy et al.
2016). Second, a large proportion of the adipose tissue develops during this period
(Poissonnet, LaVelle, and Burdi 1988). The adipose tissue is a structure, like an organ,
that has important functions in metabolism, particularly in storing and absorbing fat.
Biological research suggests that vitamin D is essential for the tissue to sufficiently
develop all its functions (Ding et al. 2012). If the adipose tissue has not developed its
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metabolism functions sufficiently well, it may store additional fat conditional on similar
calorie intake, increasing the risk of obesity later in life.

A further explanation for why the effects of sun intensity on subsequent obesity are
concentrated in the first six months of life is related to the idea that the infant’s vitamin D
levels are particularly sensitive to sunlight in exactly this period. The first six months
after birth are the period in which lactation is highest. Around the world, mothers are
strongly encouraged to exclusively breastfeed their child for six months and continue
breastfeeding up to the age of two years or beyond (for example, World Health Orga-
nization or the National Breastfeeding Commission for Germany). In Germany, 76.7
percent of children born between 1986 and 2005 were breastfed, with an average
nursing duration of 4.59 months of sole breastfeeding and 6.9 months of breastfeeding
with complementary feeding (Lange, Schenk, and Bergmann 2007). A newborn infant
who is solely breastfed can acquire vitamin D through direct dietary supplementation,
direct sun intensity, or ingestion of breast milk. In the United States, only between 10
percent and 16 percent of breastfed infants receive direct vitamin D supplements,
according to a survey with more than 2,000 participants conducted between 2006 and
2008 (Taylor, Geyer, and Feldman 2010). Pediatric advice, such as that of the American
Academy of Pediatrics, strongly advises against direct sun exposure of infants during
the first six months of life (American Academy of Pediatrics, Committee on Environ-
mental Health 1999). This leaves breast milk as the main plausible source of vitamin D.
As maternal vitamin D supplementation during lactation leads to higher vitamin D
levels in their children (Hollis et al. 2015), it is likely that increased sun intensity also
leads to higher maternal vitamin D levels that are then transferred to the child through
breastfeeding. As the child gets older, baby food—which is typically enriched with
vitamin D (for example, formula or baby porridge)—becomes a more important part of
the child’s diet, making their vitamin D levels less sensitive to sun intensity.

Similar to a breastfed infant, the vitamin D levels of a fetus are tied to those of its
mother. Moreover, while adipose tissue primarily develops in the first six months of the
child’s life, this process starts during pregnancy (Poissonnet, LaVelle, and Burdi 1988).
Increased sun intensity during pregnancy, in particular during the last trimester, may
therefore also lower the subsequent risk of adiposity. As vitamin D take-up is higher
among pregnant women than among mothers who have just given birth (Aronsson et al.
2013), sun intensity during pregnancy may have a smaller impact on subsequent
childhood obesity than sun intensity during the lactation period.

II1. Data and Sample

Our study makes use of a unique feature of the German school system
that requires all children to undergo compulsory school entry examinations prior to
school entry at age six. Examinations are designed to assess children’s school readiness
and identify any developmental delays or health problems, including child obesity. The
45-minute test is typically administered in a nearby elementary school in the child’s
municipality in the spring before August school entry. Government pediatricians con-
duct the test, which includes an interview with the child, a battery of motor skills and
physical development tests, and the precise measurement of height and weight. In
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contrast to most data sets used by economists, which rely on parents’ self-reports of their
children’s weight and height, an important advantage of our obesity measure is that it
represents standardized assessments by health professionals. This is a major advantage
because subjective statements by parents about their children’s height and weight are
prone to bias (for example, Cullinan and Cawley 2017; Weden et al. 2013).

Our school entry examinations data cover 16 birth cohorts (1986-2001) from 50
districts in three federal states in the North (Schleswig-Holstein), North-West (Lower
Saxony), and East (Brandenburg) of Germany (Online Appendix Figure B1). In addi-
tion to precise information on height and weight, we observe some background vari-
ables, such as the child’s month and year of birth, district of residence, gender, and
ethnicity. Additional socioeconomic background variables, such as parental education
and unemployment, are included only for the more recent 19982001 birth cohorts.

We supplement the school entrance examination data with information on the sun-
shine hours in each district in each month of each year. Our measure for sunshine hours
comes from 21 of the 74 weather stations across Germany that collect information on
hours of sunshine on a daily basis. To create our baseline measure, we first sum up daily
hours of sunshine in each month, in each year, and for each weather station. We then
identify all weather stations within a 50-kilometer (3 1-mile) radius from the center of the
district (there are at most four such weather stations per district), leaving us with 44
districts that have at least one weather station within a radius of 50 kilometers. After
restricting our sample to children who are older than 67 months and younger than 81
months at the date of examination, and excluding children with implausible height and
weight values, our main sample includes 666,258 children.?

Finally, we average sunshine hours per month and year over those stations, inversely
weighted by distance. Sixteen of the 44 districts in our data are assigned the exact same
set of weather stations as other districts, leaving us with 28 unique “weather station
districts.” For each child in our sample, we finally compute total sunshine hours, divided
by 100, in seven three-month intervals, starting from the beginning of pregnancy to the
end of the first year. Our results are robust to alternative cutoff rules (for example, 50
miles rather than 50 kilometers) and alternative weighting schemes of weather stations
(for example, uniform weighting across weather stations), as shown in our discussion of
robustness checks below.

A drawback of our data is that we only observe the district of residence at the time of
the school entry examination, as opposed to the district during pregnancy and the first
months of life. Evidence from the Sample of Integrated Labor Market Biographies
(SIAB) and the German Socio-Economic Panel (GSOEP) suggests that mobility across
districts is relatively small, with at most 15 percent of first-time mothers residing in a
different district when their child is six years old than during pregnancy (Online
Appendix A). Importantly, it is highly unlikely that families base their mobility deci-
sions on expected sunshine hours in the destination district. After all, future sunshine
hours in a specific district, conditional on district-by-year of birth and month of birth
fixed effects—the key control variables in our regressions—are impossible to predict.
We therefore may assign wrong sunshine hours in pregnancy and infancy for a small

3. We drop children with a height below 80 cm and above 140 cm and with a weight above 60 kg and below
10 kg.
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fraction of children, possibly leading to unsystematic measurement error in sunshine
hours, biasing our estimates toward zero. Our estimates may therefore be best under-
stood as a lower bound for the adiposity-reducing effects of additional sunshine hours in
infancy.

The literature predominantly uses the Body Mass Index (BMI, weight in kilograms
divided by height in meters squared) to calculate measures of childhood obesity.
However, because they show fast gender-specific developmental changes, fixed cutoff
rules for obesity for children similar to those for adults are not adequate. Therefore,
childhood obesity is defined in gender- and age-specific growth curves in historic
reference populations (for example, Barlow 2007). Usually, a BMI above the 85th
percentile defines children as overweight, a BMI above 95th percentile as obese, and a
BMI above 99th percentile as severely obese. Following the literature, we construct
three main outcome variables: overweight, obesity, and severe obesity, defined, re-
spectively, as >85th, >95th, and >99th percentile in the gender- and age-specific (in
months) BMI distributions in our data. The 85th percentile corresponds to a BMI cutoff
of 17.07 for boys and 17.17 for girls, the 95th percentile to a BMI of 18.81 for boys and
18.90 for girls, and the 99th percentile to a BMI of 21.55 for boys and 21.70 for girls.
These BMI cutoffs are in line with international samples that focus on children of similar
ages (Centers for Disease Control and Prevention 2000). We assess the robustness of our
results by using internationally defined cutoff points for overweight and obesity, as
suggested by Cole et al. (2000), based on data from more than 90,000 children five to six
years old who were born in the 1980s and 1990s in Brazil, Great Britain, Hong Kong, the
Netherlands, Singapore, or the United States.* We use the metric BMI measure, as well
as height and weight, as additional outcome variables to investigate whether sunshine
hours affect the entire BMI distribution or only its upper tail and to examine whether any
effects on BMI are driven by reduced height or increased weight.

Table 1 provides a first descriptive overview of our sample. In our sample, boys are on
average 120.5 cm tall and weigh 22.83 kg, compared to 119.6 cm and 22.45 kg for girls.
The average BMI in our data is 15.65 for boys and 15.61 for girls. Based on the
internationally defined cutoff points as in Cole at al. (2000), 11.70 percent of boys and
14.99 percent of girls in our sample are overweight, and 3.23 percent of boys and 4.00
percent of girls are obese. For comparison, in the United States, the country with the
highest adiposity levels in the sample of countries examined by Cole et al. (2000), 18.1
percent of boys and 16.5 percent of girls are overweight, and 3.3 percent of boys and 4.0
percent of girls are obese. The relatively high rates of adiposity in our sample are in line
with studies showing that the prevalence of overweight and obesity for school children is
relatively high in Germany in comparison to other countries and close to that in the
United States (for example, Wang and Lobstein 2006).

The findings in Panel A of Table 2 highlight that childhood obesity is associated with
socioeconomic background characteristics, in line with existing evidence (for example,
Wang and Zhang 2006). Minority children (14.6 percent of our sample) are 2.7 per-
centage points or 19 percent more likely to be overweight and 1.5 percentage points or

4. The BMI cutoff points for overweight at age 5.5, 6, and 6.5 are 17.45, 17.55, and 17.71 for boys and 17.20,
17.34, and 17.53 for girls. The respective BMI cutoffs for obesity are 19.47, 19.78, and 20.23 for boys, and
19.34, 19.65, and 20.08 for girls. Cole et al. (2000) define no cutoff for severe obesity.
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Table 1
Descriptive Overview: Height, Weight, and BMI

Girls Boys

Height, cm

Mean 119.6 120.5

SD 5.37 5.39
Weight, kg

Mean 22.45 22.83

SD 3.99 3.90
BMI

Mean 15.61 15.65

SD 2.00 1.89
Adiposity risk based on internationally defined cutoffs
Overweight

Share 0.15 0.12

Mean BMI of overweight children 19.19 19.46
Obese

Share 0.04 0.03

Mean BMI of obese children 21.53 21.82

Data source: School entry examinations, Schleswig-Holstein, Lower Saxony, Brandenburg.
Notes: The internationally defined BMI cutoffs are based on Cole et al. (2000). They define age- and gender-
specific cutoffs for overweight and obesity.

32 percent more likely to be obese than majority children.’ Children of mothers with
higher education (15.5 percent in our sample) are 22 percent less likely to be overweight
and 34 percent less likely to be obese than children of mothers without higher educa-
tion.® Children of fathers who are not employed (13.5 percent in our sample) are
likewise more likely to be overweight (by 12 percent) or obese (by 28 percent).

The findings in Panel B of Table 2 further illustrate that childhood obesity correlates
with district characteristics. The risk that a child is overweight or obese is 17 and 27
percent higher in districts with an unemployment rate above the mean. The associations
between district GDP and measures of childhood obesity are slightly smaller.”

Table 3 and Figure 1 provide descriptive statistics of sunshine hours in our sample. On
average, children in our sample experienced 1,223 hours of sunshine during pregnancy
and 827 hours during their first six months of life. For comparison, average sunshine
hours over one year are 2,771 in Athens, 2,524 in Barcelona, 1,625 in Berlin, 1,481 in

5. Minority children are children whose parents migrated to Germany (for data from Weser-Ems) or children
who do not have German citizenship (for data from Schleswig-Holstein). Information about migration back-
ground is not available in the state of Brandenburg.

6. Mothers with higher education have either obtained a university degree (Brandenburg and Weser-Ems) or a
school-leaving qualification that allows them to enter university (Schleswig-Holstein).

7. Information on unemployment rate on district level is available since 1998. Information on GDP on district
level is available since 2000.
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Table 2
Obesity Risk by Socioeconomic Status and District Characteristics

Overweight Obesity Severe Obesity
(85th Percentile) (95th Percentile) (99th Percentile)

Panel A: By Family Background Characteristics

By minority status

Majority 0.143 0.046 0.008
Minority 0.170 0.061 0.010
Number of observations 249,467
By mother’s education
Mother with higher education 0.127 0.038 0.008
Mother without higher education 0.162 0.058 0.013
Number of observations 278,661
By father’s employment status
Father is employed 0.164 0.058 0.013
Father is not employed 0.183 0.074 0.020
Number of observations 149,323

Panel B: By District Characteristics

By district unemployment rate

District below mean 0.144 0.048 0.009
District above mean 0.168 0.061 0.014
Number of observations 464,003
By district GDP
District below mean 0.159 0.057 0.013
District above mean 0.149 0.051 0.011
Number of observations 365,389

Data sources: School entry examinations, Schleswig-Holstein, Lower Saxony, Brandenburg, and Destatis (district
characteristics).

Notes: The table shows the share of overweight, obese, and severely obese children at age six by parental background
and district characteristics. Minority children are children whose parents migrated to Germany (for data from Weser-
Ems) or children who do not have German citizenship (for data from Schleswig-Holstein). Information about migration
background is not available in the state of Brandenburg. Mothers with higher education have either obtained a
university degree (Brandenburg and Weser-Ems) or a school-leaving qualification that allows them to enter university
(Schleswig-Holstein).

London, and 1,203 in Glasgow. The standard deviations of sunshine hours during
pregnancy and the first six months of life are 231 and 285, respectively. Children born in
November receive the most (1,481 hours) and children born in May the least (958 hours)
hours of sunshine during pregnancy. In contrast, children born in April enjoy the most
(1,186 hours) and children born in October the least (443 hours) sunshine hours during
the first six months of life. In our sample, sunshine hours during pregnancy were on
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Table 3
Sunshine during Pregnancy and First Months of Life: Descriptive Statistics

Sunshine Hours

Sunshine Hours in First 6 Months
during Pregnancy after Birth
Panel A: Means and Standard Deviations
Mean 1,223.34 826.84
SD 230.9 285.1
Number of observations 672,828

Panel B: Variation in Sunshine Hours during Pregnancy in First Six Months of Life
By birth month

Birth month with most sunshine hours November April
Sunshine hours 1,481 1,186
Birth month with lowest sunshine hours May October
Sunshine hours 958 443.5
By birth cohort
Birth cohort with most sunshine hours 1,990 1,989
Sunshine hours 1,349 969
Birth cohort with lowest sunshine hours 1,988 1,998
Sunshine hours 1,129 691
By district of birth
District with most sunshine hours Brandenburg a. d. Havel Potsdam-Mittelmark
Sunshine hours 1,326 885
District with lowest sunshine hours Leer Leer
Sunshine hours 1,083 735

Data sources: School entry examinations, Schleswig-Holstein, Lower Saxony, Brandenburg. Sunshine hours from 21
weather stations.

Notes: Panel A displays the mean and standard deviation of sunshine hours in the first six months of life and during
pregnancy. Panel B provides information on the variation in sunshine hours in the two intervals by birth month, birth
cohort, and district of birth.

average highest for the 1990 birth cohort (1,349 hours) and lowest for the 1988 birth
cohort (1,129 hours), while sunshine hours during the first six months of life were
highest for the 1989 birth cohort (969 hours) and lowest for the 1998 birth cohort (691
hours). Children born in the districts of Brandenburg a. d. Havel and Potsdam-Mittelmark
were on average exposed to the most sunshine hours, and children born in the district of
Leer were exposed to the least sunshine hours during pregnancy and the first six months of
life (1,326 versus 1,083 hours for pregnancy and 885 hours versus 735 hours for the first
six months of life). These figures illustrate that there is substantial variation in sunshine
hours across districts, birth months, and cohorts.

It should be noted that sunshine hours are generally higher in the federal state of
Brandenburg (Panel C of Figure 1), a district in former East Germany, than in the two
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other West German states of Schleswig-Holstein and Lower Saxony. At the same time,
the unemployment rate and GDP—both of which, as shown in Panel C Table 1, are
associated with a higher obesity risk—are higher in Brandenburg than in the two other
states. This correlation between sunshine hours and district characteristics underscores
the need for a convincing identification strategy to isolate the causal effects of sunshine
hours during pregnancy and in the first months of life on subsequent childhood obesity.
We describe our identification strategy next.

IV. Estimation Approach

Our baseline specification is a linear probability regression that links
adiposity indicators of child i in district » born in year y and month m to the sum of hours
of sunshine exposure in specific age intervals (indexed by the subscript j) from the onset
of pregnancy until the child is 80 months old:

(1) Adiposity; . y.m= Zy’Sunshine{,y’m + 08y + Wy iy m
j

Here, Sunshinerj’ m denotes total sunshine hours, divided by 100, during interval j for
children residing in district r (there are 44 districts in our main sample) and born in year
y (our sample includes 16 birth cohorts) and month m. In our baseline specification, we
distinguish four age intervals: pregnancy, the first six months after birth, months 611
after birth, and months 12—80 after birth. In a more detailed specification, we distinguish
eight age intervals: three three-month intervals during pregnancy, four three-month
intervals during the child’s first year of life, and one interval from the child’s first
birthday until they are 80 months old. District-by-year of birth fixed effects are denoted
by §, ., month of birth fixed effects by p,,, and €; ,.,,,, is an error term. We cluster standard
errors by “weather station districts”—that is, districts with unique weather station
combinations. There are 44 districts, 21 weather stations, and 28 “weather districts” in
our main sample.®

The coefficients of interest v’ measure how 100 additional sunshine hours in interval
J affect adiposity at age six. By conditioning on district-by-birth year fixed effects, 3,
we allow for the possibility that children and their parents in districts with more sunshine
have a different upbringing, lifestyle, and diet than children in less sunny districts (Sofi
et al. 2014; Tucker and Gilliland 2007). Children in districts with more sunshine may
also generally differ from children in districts with less sunshine. District-by-year of
birth fixed effects further account for the possibility that the state of the business cycle,
which may be correlated with sunshine hours, affects child health (Dehejia and Lleras-
Muney 2004). Month of birth fixed effects, L,,, address the concern that disadvantaged
mothers (whose children tend to exhibit a larger risk of obesity) are more likely to give
birth in seasons with less sunshine (Currie and Schwandt 2013). This approach es-
sentially exploits variation in sunshine hours that stems from some districts, but not
others, receiving an unusual amount of sunshine (relative to the district average) in
specific months of the year.

8. The standard errors hardly change if we apply Conley standard errors (Conley 1999) to account for spatially
autocorrelated error structures.

1695
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V. Results

A. Baseline Results

We present our baseline findings based on regression Equation 1 in Table 4. The
estimates in Column 1 show that increased sunshine hours during the first six months
after birth reduce the adiposity risk at age six, regardless of which adiposity indicator is
used. In contrast, the effects of sunshine during pregnancy, in months 611 after birth, or
beyond the child’s first year on childhood adiposity are considerably smaller in mag-
nitude and not statistically significant from zero. To assess the magnitude of the impact
of sunshine in the first six months of life, consider an increase of 100 sunshine hours,
which is equivalent to the increased sun intensity from a two-and-a-half-week-long
holiday in winter to a destination where sunshine is similar to that in summer. This
reduces the probability of being overweight by 0.167 percentage points or, as 15 percent
of children in our sample fall into this category, 1.1 percent (0.00167/0.15). Moreover,
100 additional sunshine hours reduce obesity and severe obesity by 0.129 and 0.062
percentage points, or 2.6 and 6.2 percent, respectively. In terms of absolute numbers of
adipose children, these estimates imply 1,119 fewer overweight, 868 fewer obese, and
420 fewer severely obese children per birth cohort (677,947 children were born in 2010
in Germany) per 100 additional sunshine hours in the first six months after birth.

As mothers and infants only spend part of the additional sunshine hours outside in the
sun, our estimates should be interpreted as “intention-to-treat” estimates and should be
considered as lower bounds for the impact of direct sunshine exposure on subsequent
adiposity. Evenly spread over the first six months of life, 100 additional sunshine hours
correspond to 33 minutes of additional sunshine per day. To put this number into
perspective, mothers would have to spend between three and eight minutes in the sun (in
Boston, MA, from April to October at 12 p.m. EST, Terushkin et al. 2010) to synthesize
vitamin D levels equivalent to the recommended daily supplement for breastfeeding
mothers (400 International Units).

To give an additional interpretation of the effect sizes, we compare them with the
effect sizes of interventions targeted to reduce child obesity. One such intervention is the
Head Start program. Two papers have found that participation in this program at ages
three to five reduces the risk of overweight (by 26 percent among boys aged 1213,
according to Carneiro and Ginja 2014) and obesity (by 2.3 percentage points, 14 per-
cent, independent of gender, according to Frisvold and Lumeng 2011). Although the
effects of participation in Head Start in reducing childhood adiposity are considerably
larger than the effects of 100 additional sunshine hours that we uncover (2.3 percentage
points vs. 0.13 percentage points), such preschool programs are far more expensive than
vitamin D supplementation.

In contrast, Prina and Royer (2014) do not find significant effects on children’s
obesity in an information intervention that aimed to increase parental knowledge and
shift parental attitudes about children’s weight in Mexico. In a similar vein, Bhatta-
charya, Currie, and Haider (2006) report that a school breakfast program in the United
States aimed to improve children’s diets had no significant impact on children’s risk of
overweight or obesity. The latter two interventions clearly document the difficulties in
implementing cost-effective strategies to reduce childhood obesity. The meta-study by
Brown et al. (2019) further illustrates this difficulty. This study includes 16 randomized
control trials with the explicit goal of preventing obesity in children and focuses on
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children’s BMI. The study finds that interventions that simultaneously target diet and
physical activity reduced BMI by 0.07 kg/mz. In contrast, interventions that target only
diet or only physical activity did not significantly reduce BMI. In comparison, our
estimates, discussed in Section V, suggest that 100 additional hours of sunshine during
the first six months after birth decrease BMI at age six by 0.02 kg/m? for the whole
population and by 0.11 kg/m2 for those children in the highest BMI percentile.

Since the production costs of vitamin D supplements are low, our findings support
the view that vitamin D supplementation in infancy is a cost-effective way to reduce
childhood obesity.

B. Robustness Checks

Our findings are robust to adopting alternative estimation methods, the inclusion of
additional control variables such as district-by-month of birth fixed effects, alternative
measurements of sunshine hours, and the inclusion controls for weather.

1. Alternative specifications and control variables

We display estimates obtained from a probit model in Column 2 of Table 4. Marginal
effects from this specification are very similar in magnitude to those obtained from the
linear probability model, presented in Column 1. Flexibly controlling for age by in-
cluding dummy variables for each age month group interacted with gender in Equation 1
likewise hardly affects our estimates (Column 3). In Column 4, we estimate an even
tighter specification than our baseline specification and replace the month of birth fixed
effects (u,, in Equation 1) with district-by-month of birth and year of birth-by-month of
birth fixed effects. Our results are largely unchanged. Column 5 adds dummy variables
for each age month group interacted with gender (as in Column 3) to the specification
estimated in Column 5. Again, this has little impact on our estimates.

While the results so far refer to our baseline definitions of overweight, obesity, and
severe obesity, in Column 6, we use internationally defined cutoff points to classify
children as overweight and obese as in Cole et al. (2000). The pattern remains the same.
Whereas sunshine hours in the first six months of life reduce the risk of childhood
adiposity, sunshine hours during pregnancy and beyond the first six months of life have
no significant impact on childhood adiposity. In terms of magnitude, estimates are
similar to our baseline specification. For example, 100 additional sunshine hours in the
first six months after birth reduce the risk of overweight at age six by 0.22 percentage
points or 1.7 percent and the risk of obesity by 0.08 percentage points or 2.2 percent.9

2. Alternative measurements of sunshine hours

In Columns 2-5 of Table 5, we explore the robustness of our results to alternative
measurements of sunshine hours. For comparison, in Column 1, we report our baseline
estimates as in Column 1 of Table 4. In Column 2, we increase the distance rule to the
next weather station and discard weather stations more than 50 miles (instead of 50

9. The overall rates for overweight and obesity following the international cutoftf by Cole et al. (2000) are 13.28
and 3.6.
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kilometers) away from the center of the district. In Column 3, we only use information
from the closest weather station, while in Column 4, we uniformly weight across up to
four weather stations in the district to compute sunshine hours in each interval. Our
estimates are very similar across alternative specifications.

Sunshine hours in winter months do not generate the same vitamin D levels in the
body as sunshine hours in summer months because the sun is less intensive during this
period. Moreover, infants’ and mothers’ skin may be largely covered due to low tem-
perature. To account for this, we weight our baseline measure of sunshine hours with a
sinus function, where the months June and July receive the highest weight of one.
Estimates, reported in Column 5 of Table 5, are virtually identical to those in our
baseline specification. This is not surprising, as the specification controls for month of
birth fixed effects, and conditional on month of birth fixed effects, the baseline and
weighted measures of sunshine hours are highly correlated.

3. Controlling for temperature and rainfall

Weather may have a direct impact on childhood obesity or early fetal development,
conditional on sunshine (for example, Barreca, Deschenes, and Guldi 2018). We probe
the robustness of our estimates to the inclusion of weather controls in Columns 6 and 7
of Table 5. Adding average daily temperature (Column 6) or cumulative rainfall (Col-
umn 7) in each of the four intervals as controls to our baseline specification barely
changes our estimates. In Online Appendix Table B1, we report results from a regression
of children’s adiposity risk on average daily temperature and cumulative rainfall, instead
of sunshine hours, in each of the four intervals. Coefficients are consistently small in
magnitude and not statistically significant from zero. Overall, these findings highlight
that weather in pregnancy and infancy primarily affects childhood adiposity through
sunshine hours rather than temperature or rainfall, as we would expect if vitamin D
generation reduces the adiposity risk.

4. Placebo regressions

As a final specification check, we randomly assign “fake” sunshine hours to children in
each of the four intervals from pregnancy to age six to check whether regressions of
adiposity risk on “fake” sunshine hours produces equally large effects in the first six
months of life as our baseline regression. To this end, we randomly draw a month of
birth, a year of birth and a district for each child and assign sunshine hours in each
interval accordingly. We then regress adiposity risk at age six on “fake” sunshine hours
during pregnancy, months 0-5, months 6-12, and months 13-80, controlling for the
same variables as in our baseline regression. We do this 300 times. In Figure 2, we plot
the cumulative distribution of coefficients that we obtain from these “fake” or “placebo”
regressions for the zero to five months interval for which we find the largest effects. For
all measures of adiposity, point estimates are closely centered around zero. For over-
weight, 13 out of the 300 point estimates are more negative than our baseline estimate of
—0.165; for obesity and severe obesity, the number is even smaller (7 and 2, respec-
tively). These findings cast some strong doubt that our estimates are simply spurious and
driven by random variation in our data.
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Figure 2
“Placebo” Regressions of Adiposity Risk at Age Six on “Fake” Sunshine Hours Zero to Six
Months after Birth

Data sources: School entry examinations, Schleswig-Holstein, Lower Saxony, Brandenburg. Sunshine hours from 21
weather stations.

Notes: The figure displays the cumulative distribution of point estimates obtained from 300 regressions of adiposity risk at
age six on “fake” sunshine hours for the interval zero to six months after birth for which we find the largest effects. For each
child in our sample, we randomly assign a month of birth, a year of birth and a district. We then compute “fake” sunshine
hours during pregnancy, the first six months after birth, months 6-12 after birth, and months 13-80 after birth accordingly
and regress our measures of adiposity risk at age six on “fake” sunshine hours in the four intervals, conditioning for the
same set of control variables as in our baseline specification. We repeat this exercise 300 times. The vertical line indicates
our baseline point estimate. For overweight, 13 out of 300 “fake” point estimates are more negative than our baseline
estimates; for obesity and severe obesity, the numbers are seven and two.

C. Additional Findings

1. Detailed sunshine intervals

In Figure 3, we distinguish eight (as opposed to four) sunshine intervals: seven three-
month intervals ranging from the beginning of pregnancy to the end of the child’s first
year and (as in Table 4) one interval from the children’s first birthday until they are 80
months old. The figure once again visually illustrates that increased sunshine hours in
the first six months of life (that is, in intervals 0—2 and 3-5) reduce the risk of adiposity at
age six. In contrast, increased sunshine hours in months six to 11 after birth or beyond
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Figure 3

Effects of Sunshine Hours during Pregnancy and First Years of Life on Adiposity Risk at Age
Six

Data sources: School entry examinations, Schleswig-Holstein, Lower Saxony. Sunshine hours from 21 weather
stations.

Notes: The figures show the effects of 100 additional sunshine hours (in percentage points) in three-month intervals
from conception to 11 months after birth, and between 12 and 80 months after birth, on children’s risk of overweight,
obesity, and severe obesity. Overweight, obesity, and severe obesity are defined, respectively, as >85th, >95th, and
>99th percentile in the gender- and age (in months)-specific BMI distributions. Effects are estimated by a linear
probability model and regressions control for, as in Equation 1, district-by-birth year and birth month fixed effects. The
horizontal line depicts a zero effect. The vertical lines show 95 percent confidence intervals calculated based on standard
errors clustered at the “weather station district” level (districts that are assigned different weather station combinations,
28 clusters).

the children’s first year do not have a significant impact on childhood adiposity. In terms
of magnitude, 100 additional sunshine hours in months three to six after birth reduce the
risk of being overweight, obesity, or severe obesity by 0.19, 0.18, and 0.09 percentage
points or 1.3, 3.6, or 9 percent, respectively.

2. Nonlinearity

So far, we have assumed that sunshine hours in three-month intervals from the start
of pregnancy to the child’s first year affect childhood adiposity in a linear way. We
investigate the possibility of a non-linear relationship between sunshine hours in the
first six months of life and subsequent childhood adiposity in Figure 4, by separating
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Figure 4

Nonlinear Effects of Sunshine Hours in First Six Months of Life on Adiposity Risk at Age Six

Data sources: School entry examinations, Schleswig-Holstein, Lower Saxony, Brandenburg. Sunshine hours from 21
weather stations.

Notes: The figures plot the effects (in percentage points (pp.)) of sunshine hours in the first six months after birth,
categorized in deciles, on children’s overweight, obesity and severe obesity risk. Effects are estimated by a linear
probability model and regressions control for, as in Equation 1, district-birth year and birth month fixed effects.
Overweight, obesity, and severe obesity are defined, respectively, as >85th, 295th, and >99th percentile in the gender-
and age (in months)-specific BMI distributions. Sun deciles are constructed by ranking districts by their sunshine hours
in the first six months after birth and dividing them into ten equally sized groups. For example, in the second decile
districts receive 491 sunshine hours on average, compared to 777 hours and 1,287 hours in the fifth and tenth decile. The
horizontal line depicts a zero effect. The vertical lines show 95 percent confidence intervals, based on standard errors
clustered at the “weather station district” level (districts that are assigned different weather station combinations, 28
clusters).

sunshine hours in the first six months of life into ten equally sized groups. In addition
to these ten dummy variables, we control for district-by-year of birth and month of
birth fixed effects (as in Equation 1) as well as sunshine hours during pregnancy,
months 6-11, and months 12-80 after birth (as in Table 4). The figure highlights
that the relationship between sunshine hours in infancy and adiposity at age six is
indeed roughly linear. For example, moving from the lowest to the highest decile—
equivalent to an increase of 800 sunshine hours—reduces the risk of obesity by one
percentage point, or 20 percent.
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Figure 5
Effects of Sunshine Hours during Pregnancy and First Years of Life on BMI, Height, and
Weight at Age Six

Data sources: School entry examinations, Schleswig-Holstein, Lower Saxony, Brandenburg. Sunshine hours from 21
weather stations.

Notes: Panel A shows the effects of 100 additional sunshine hours (in percentage points) in three-month intervals from
conception to 11 months after birth and between 12 and 80 months after birth on children’s BMI (Panel A), height (Panel
B), and weight (Panel C). Effects are estimated by a linear probability model and regressions control for, as in Equation
1, district-by-year of birth and month of birth fixed effects. The horizontal line depicts a zero effect. The vertical lines
show 95 percent confidence intervals, calculated based on standard errors clustered at the “weather station district” level
(districts that are assigned different weather station combinations, 28 clusters).

3. BMI, Weight, and Height

Figure 5 shows the impact of sunshine exposure in eight detailed intervals on BMI, which
is a combination of a child’s weight and height. Panel A clearly shows that sunshine hours
in the first six months of life significantly reduce BMI, but effects beyond six months
after birth are close to zero and insignificant. Moreover, sun intensity in the last
trimester of pregnancy also significantly lowers overall BML.

In Panels B and C of the figure, we explore the impact of sunshine hours in preg-
nancy and infancy separately for height and weight. The graphs show that sunshine
hours generally have little impact on children’s height at age six, regardless of the
sunshine interval. Even though the effect of increased sunshine hours on height is statis-
tically significant for the interval three to five months after birth, the effect is very
small in magnitude: 100 additional sunshine hours in that interval reduce height by
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0.8 millimeters, implying an increase in BMI through the height channel of 0.013
percent if evaluated at mean weight and height for boys.

For weight, in contrast, a similar pattern as for our obesity measures emerges, and the
negative impact of sunshine hours on weight at age six is concentrated in the first six
months of life. The coefficient for the interval three to five months shows that 100
additional sunshine hours reduce weight at age six by 60 grams, implying a reduction
in BMI through the weight channel of 0.26 percent if evaluated at mean weight and
height for boys—an effect that is 20 times larger in magnitude than that through the
height channel. The negative impact of sunshine hours in the first six months of life on
average BMI at age six is therefore driven by a reduction in weight and not an increase
in height.

4. Effects along the BMI distribution

In a final step, we examine the effects of 100 additional sunshine hours in the first six
months after birth along the BMI distribution at age six. To this end, we estimate
unconditional quantile regressions based on Equation 1 for each decile as well as the
95th and 99th percentile of the BMI distribution. The results, presented in Figure 6,
show that while increased sunshine hours somewhat reduce BMI at all deciles, the effect
becomes increasingly more negative at higher percentiles of the BMI distribution be-
yond the 80th percentile. This finding is important, as higher BMI within the normal
BMI range has no negative effects on health or medical costs; only children with an
extreme BMI show worse health and generate high costs for the health system. The
finding further suggests that increased sunshine exposure in the first six months of life
prevents extreme cases of dysfunctional adipose tissue development and extreme forms
of insufficient metabolism. More generally, the finding that the effects of increased
sunshine hours are concentrated at the right tail of the BMI distribution mirrors those for
bone density, where additional vitamin D primarily benefits individuals with very low
bone stability (Dawson-Hughes et al. 1997).

5. Heterogeneous responses by subgroups

Do the effects of sunshine hours in infancy on childhood obesity vary across children?
We first distinguish between minority and majority children.'® Minority children ben-
efit more from additional sunshine exposure in infancy than majority children, for ex-
ample, because mothers of minority children are less likely to take vitamin D supplements
(for example, Moffat et al. 2015) or because of their darker skin color, which generally
makes them more prone to vitamin D deficiency (for example, Martin, Gowda, and
Renzaho 2016; Hintzpeter et al. 2008). Minority children are also more likely to be
overweight or obese than majority children (Table 2). The results in Online Appendix
Table B2 tentatively suggest that sunshine hours in the first six months after birth reduce
the risk of adiposity at age six more for minority than majority children. However, the
difference in effects is statistically significant only for the outcome of overweight.

10. Information on minority status is available in only two federal states, Lower Saxony and Schleswig-
Holstein, leading to a substantial reduction in sample size. See footnote 6 for a definition of minority status.
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Effects of Sunshine Hours during the First Six Months of Life along the BMI
Distribution

Data sources: School entry examinations, Schleswig-Holstein, Lower Saxony, Brandenburg. Sunshine hours
from 21 weather stations.

Notes: The figure plots the effects of 100 additional sunshine hours on BMI in the first six months after birth
along the BMI distribution. Each square shows the effect at a certain decile. Additionally, effects at the 95th and
99th percentile are shown. The vertical lines show 95% confidence intervals, based on standard errors clustered
at the “weather station district” level (districts that are assigned different weather station combinations, 28
clusters).

In a second step, we distinguish between who did and did not participate in all nine
medical postnatal checkups. The first three of these medical checkups are conducted
directly and in the days after birth. After that, checkups take place three, six, 12, 24, 48,
and 60 months after birth, conducted by pediatricians in hospitals or at their surgeries.
Even though checkups are compulsory, take-up is not complete, and incomplete take-up
is correlated with social disadvantage (Kamtsiuris et al. 2007). There is little evidence
the effects of sunshine hours in infancy vary between children with complete and
incomplete take-up (Online Appendix Table B2).

VI. Discussion and Conclusion

Based on administrative data from school entry examinations that cover
all children in three large geographical areas in Germany and span 16 birth cohorts,
combined with information on monthly sunshine hours obtained from 20 weather
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stations, our analysis shows that increased sun intensity in the first six months of life
causally reduces the risk of overweight and obesity at age six, likely through higher
vitamin D intake.

In terms of magnitude, 100 additional hours of sunshine in this time period, which is
equivalent to the increased sun intensity from a two-and-a-half-week-long holiday in
winter to a destination where sunshine is similar to that in summer, reduce the risk of
being overweight at age six by 1.1 percent, the risk of obesity by 2.6 percent, and the risk
of severe obesity by 6 percent. Sun intensity beyond the first six months of life, in
contrast, has no discernible impact on subsequent adiposity. Sun intensity during the last
trimester of pregnancy also reduces the risk of adiposity at age six, although this effect
tends to be smaller in magnitude than during the first six months of life and is statistically
significant in only some specifications.

We offer two main explanations for this pattern. First, the first six months of life (and
possibly the third trimester of pregnancy) are a sensitive period for later obesity, as this
is the period when infants rapidly gain weight and adipose tissue develops. Second,
infants’ vitamin D levels are particularly sensitive to sunshine in the first six months of
life, when lactation is highest.

Since we cannot observe the child’s and mother’s direct exposure to sunlight, our
estimates should be interpreted as intention-to-treat estimates and should be con-
sidered as lower bounds for the impact of direct sunshine exposure on subsequent
adiposity. Assuming that mothers of infants spend a third of their time in the sun
during sunny days (which is likely to be an overestimate), our estimates imply that
only 33 hours of additional direct sunshine exposure in the first six months of life—
or 11 minutes per day—are required to induce a 1.1 percent reduction in the risk of
overweight and a 6 percent reduction in the risk of severe obesity at age six. Medical
research suggests that spending three to eight minutes in the sun in Boston, MA, from
April to October at 12 p.m. EST synthesizes 400 International Units (IU) of vitamin
D (Terushkin et al. 2010), which is equivalent to the recommended daily supplement
for breastfeeding mothers."' As the parts of Germany included in our study are located at
a latitude more north than Boston, and mothers unlikely receive additional sun mostly at
12 p.m. when vitamin D generation is highest, our assumed 11 minutes additional sun
per day will lead to roughly an additional 400 IU of vitamin D. Therefore, our estimates
may also give a hint of the effects of the daily intake of recommended vitamin D
supplements.

Opverall, a relatively small increase in direct sun exposure during the lactation period,
or, alternatively, only the recommended amounts of vitamin D supplements for breast-
feeding mothers, can reduce subsequent adiposity of their children. This finding is
important for public health resource allocation. Since take-up of vitamin D supple-
ments after birth is low, our results give further reasons, besides other proven effects
of vitamin D, why governments should invest in campaigns to increase utilization of
vitamin D supplements.

11. Terushkin et al. (2010) also present evidence that because of the well-known detrimental side effects of
ultraviolet irradiation and the high effectivity of oral Vitamin D supplements, oral supplementation remains the
safest way for increasing vitamin D levels. This result is supported by Wicherts et al. (2011) who, based on a
randomized clinical trial, conclude that vitamin D supplementation is more effective than advised sunlight
exposure in reducing vitamin D deficiency.

1709



Downloaded from by guest on September 12, 2026. Copyright 2022

1710

The Journal of Human Resources

References

Abbas, M.A. 2017. “Physiological Functions of Vitamin D in Adipose Tissue.” Journal of Steroid
Biochemistry and Molecular Biology 165:369-81.

American Academy of Pediatrics, Committee on Environmental Health. 1999. “Ultraviolet Light:
A Hazard to Children.” Pediatrics 104(2):328-33.

Aronsson, C., K. Vehik, J., Yang, U. Uusitalo, K. Hay, G. Joslowski, A. Riikonen, L. Ballard, L.,
M. Virtanen, J. Norris, and on behalf of the TEDDY Study Group. 2013. “Use of Dietary
Supplements in Pregnant Women in Relation to Sociodemographic Factors—A Report from
the Environmental Determinants of Diabetes in the Young (TEDDY) Study.” Public Health
Nutrition 16(8):1390-402.

Averett, S. 2014. “Obesity and Labor Market Outcomes: The Hidden Private Cost of Obesity:
Lower Earnings and a Lower Probability of Employment.” IZA World of Labor 32.

Baird J., D. Fisher, P. Lucas, J. Kleijnen, H. Roberts, and C. Law. 2005. “Being Big or Growing
Fast: Systematic Review of Size and Growth in Infancy and Later Obesity.” BMJ 331:929-34.

Barlow, S. 2007. “Expert Committee Recommendations Regarding the Prevention, Assessment,
and Treatment of Child and Adolescent Overweight and Obesity: Summary Report.” Pediatrics
120(Suppl. 4):S164-S192.

Barreca, A., O. Deschenes, and M. Guldi. 2018. “Maybe Next Month? Temperature Shocks and
Dynamic Adjustments in Birth Rates.” Demography 55:1269-93.

Bhattacharya, J., J. Currie, and S.J. Haider. 2006. “Breakfast of Champions? The School Breakfast
Program and the Nutrition of Children and Families.” Journal of Human Resources 41(3):445-66.

Black, N., R. Hughes, and A.M. Jones. 2018. “The Health Care Costs of Childhood Obesity in
Australia: An Instrumental Variables Approach.” Economics & Human Biology 31:1-13.

Brown, T., T.H.M. Moore, L. Hooper, Y. Gao, A. Zayegh, S. Ijaz, M. Elwenspoek, S.C. Foxen, L.
Magee, C. O’Malley, E. Waters, and C.D. Summerbell. 2019. “Interventions for Preventing
Obesity in Children.” Cochrane Database of Systematic Reviews 2(7):CD001871.

Butte, N.F., J.M. Hopkinson, M.W. Wong, E.O.B. Smith, and K.J. Ellis. 2000. “Body Compo-
sition during the first 2 Years of Life: An Updated Reference.” Pediatric Research 47(5):578.

Carneiro, P., and R. Ginja. 2014. “Long-Term Impacts of Compensatory Preschool on Health
and Behavior: Evidence from Head Start.” American Economic Journal: Economic Policy
6(4):135-73.

Cawley, J. 2010. “The Economics of Childhood Obesity.” Health Affairs 29(3):364-71.

. 2015. “An Economy of Scales: A Selective Review of Obesity’s Economic Causes,
Consequences, and Solutions.” Journal of Health Economics 43:244—68.

Centers for Disease Control and Prevention. 2000. “CDC Growth Charts.” https://www.cdc.gov
/growthcharts/cdc_charts.htm (accessed April 19, 2024).

Cole, T., M. Bellizzi, K. Flegal, and W. Dietz. 2000. “Establishing a Standard Definition for Child
Overweight and Obesity Worldwide: International Survey.” BMJ 320:1240.

Conley, T.G. 1999. “GMM Estimation with Cross Sectional Dependence.” Journal of Econo-
metrics 92(1):1-45.

Cullinan, J., and J. Cawley. 2017. “Parental Misclassification of Child Overweight/Obese
Status: The Role of Parental Education and Parental Weight Status.” Economics and Human
Biology 24:92-103.

Currie, J., S. DellaVigna, E. Moretti, and V. Pathania. 2010. “The Effect of Fast Food Restaurants
on Obesity and Weight Gain.” American Economic Journal: Economic Policy 2(3):32-63.

Currie, J., and H. Schwandt. 2013. “Within-Mother Analysis of Seasonal Patterns in Health at
Birth.” Proceedings of the National Academy of Sciences 110(30):12265-70.

Dawson-Hughes, D., S. Harris, E. Krall, and G. Dallal. 1997. “Effect of Calcium and Vitamin D
Supplementation on Bone Density in Men and Women 65 Years of Age or Older.” New England
Journal of Medicine 337:670-76.



https://www.cdc.gov/growthcharts/cdc_charts.htm
https://www.cdc.gov/growthcharts/cdc_charts.htm

Downloaded from by guest on September 12, 2026. Copyright 2022

Dustmann, Sandner, and Schonberg 1711

Dehejia, R., and A. Lleras-Muney. 2004. “Booms, Busts, and Babies’ Health.” Quarterly Journal
of Economics 119(3):1091-130.

Dietz, W.H. Jr.,, and S. Gortmaker. 1984. “Factors within the Physical Environment Associated
with Childhood Obesity.” American Journal of Clinical Nutrition 39:619-24.

Ding, C., D. Gao, J. Wilding, P. Trayhurn, and C. Bing. 2012. “Vitamin D Signalling in Adipose
Tissue.” British Journal of Nutrition 108(11):1915-23.

Finkelstein, E.A., J.G. Trogdon, J.W. Cohen, and W. Dietz. 2009. “Annual Medical Spending
Attributable to Obesity: Payer- and Service-Specific Estimates.” Health Affairs 28(5):w822—
w831.

Frisvold, D.E., and J.C. Lumeng. 201 1. “Expanding Exposure Can Increasing the Daily Duration
of Head Start Reduce Childhood Obesity?” Journal of Human Resources 46(2):373-402.

Gorman, S., R.M. Lucas, A. Allen-Hall, N. Fleury, and M. Feelisch. 2017. “Ultraviolet Radiation,
Vitamin D and the Development of Obesity, Metabolic Syndrome and Type-2 Diabetes.”
Photochemical & Photobiological Sciences 16(3):362-73.

Hazell, T.J., S. Gallo, C.A. Vanstone, S. Agellon, C. Rodd, and H.A. Weiler. 2017. “Vitamin D
Supplementation Trial in Infancy: Body Composition Effects at 3 Years of Age in a Prospective
Follow-Up Study from Montréal.” Pediatric Obesity 12(1):38-47.

Hintzpeter, B., Ch. Scheidt-Nave, M. Miiller, L. Schenk, and G. Mensink. 2008. “Higher Pre-
valence of Vitamin D Deficiency Is Associated with Immigrant Background among Children
and Adolescents in Germany.” Journal of Nutrition 138(8):1482-90.

Hollis, Wagner. 2015. “Maternal versus Infant Vitamin D Supplementation during Lactation:

A Randomized Controlled Trial.” Pediatrics 136:226-34.

Hossein-Nezhad, A., and ML.F. Holick. 2013. “Vitamin D for Health: A Global Perspective.” Mayo
Clinic Proceedings 88(7):720-55.

Hypponen, E., and C. Power. 2007. “Hypovitaminosis D in British Adults at Age 45 y: Nationwide
Cohort Study of Dietary and Lifestyle Predictors.” American Journal of Clinical Nutrition
85:860-68.

Kamtsiuris, P., E. Bergmann, P. Rattay, and M. Schlaud. 2007. “Inanspruchnahme medizinis-
cher Leistungen Ergebnisse des Kinder- und Jugendgesundheitssurveys (KiGGS).”
Bundesgesundheitsblatt-Gesundheitsforschung-Gesundheitsschutz 50:836-50.

Kimm, Sue Y.S., Nancy W. Glynn, Eva Obarzanek, Andrea M. Kriska, Stephen R. Daniels,
Bruce A. Barton, and Kiang Liu. 2005. “Relation between the Changes in Physical Activity
and Body-Mass Index during Adolescence. A Multicentre Longitudinal Study.” Lancet
366(9482):301-7.

Lange, C., L. Schenk, and R. Bergmann. 2007. “Verbreitung, Dauer und zeitlicher Trend des
Stillens in Deutschland.” Bundesgesundheitsblatt-Gesundheitsforschung-Gesundheitsschutz
50(5-6):624-33.

Martin, C., U. Gowda, and A. Renzaho. 2016. “The Prevalence of Vitamin D Deficiency
among Dark-Skinned Populations according to Their Stage of Migration and Region of Birth:
A Meta-Analysis.” Nutrition 32(1):21-32.

Martini, L.A., and R.J. Wood. 2006. “Vitamin D Status and the Metabolic Syndrome.” Nutrition
Reviews 64:479-86.

Mason, C., L. Xiao, I. Imayama, D. Duggan, C. Wang, L. Korde, and A. McTiernan. 2014.
“Vitamin D3 Supplementation during Weight Loss: A Double-Blind Randomized Controlled
Trial.” American Journal of Clinical Nutrition 99(5):1015-25.

Moftat, T., D. Sellen, W. Wilson, L. Anderson, S. Chadwick, and S. Amarra. 2015. “Comparison
of Infant Vitamin D Supplement Use among Canadian-Born, Immigrant, and Refugee
Mothers.” Journal of Transcultural Nursing 26(3):261-9.

Pereira-Santos, M., P. Costa, A. Assis, C. Santos, and D. Santos. 2015. “Obesity and Vitamin D
Deficiency: A Systematic Review and MetaAnalysis.” Obesity Reviews 16(4):341-49.



Downloaded from by guest on September 12, 2026. Copyright 2022

1712

The Journal of Human Resources

Poissonnet, C., M. LaVelle, and A. Burdi. 1988. “Growth and Development of Adipose Tissue.”
Journal of Pediatrics 113(1):1-9.

Prina, S., and H. Royer. 2014. “The Importance of Parental Knowledge: Evidence from Weight
Report Cards in Mexico.” Journal of Health Economics 37:232-47.

Roy, S.M., J.G. Spivack, M.S. Faith, A. Chesi, A.J. Mitchell, A. Kelly, S.F.A. Grant, S.E.
McCormack, and B.S. Zemel. 2016. “Infant BMI or Weight-for-Length and Obesity Risk in
Early Childhood.” Pediatrics 137(5):¢20153492.

Salehpour, A., F. Hosseinpanah, and F. Shidfar. 2012. “A 12-Week Double-Blind Randomized
Clinical Trial of Vitamin D3 Supplementation on Body Fat Mass in Healthy Overweight and
Obese Women.” Nutrition Journal 11:78.

Serdula, M.K., D. Ivery, R.J. Coates, D.S. Freedman, D.F. Williamson, and T. Byers. 1993.
“Do Obese Children Become Obese Adults? A Review of the Literature.” Preventive Medicine
22(2):167-77.

Soares, M.J., W. Chan She Ping-Delfos, and M.H. Ghanbari. 2011. “Calcium and Vitamin D for
Obesity: A Review of Randomized Controlled Trials.” European Journal of Clinical Nutrition
65(9):994-1004.

Sofi, F., C. Macchi, R. Abbate, G.F. Gensini, and A. Casini. 2014. “Mediterranean Diet and Health
Status: An Updated Meta-Analysis and a Proposal for a Literature-Based Adherence Score.”
Public Health Nutrition 17(12):2769-82.

Taveras, E.M., S.L. Rifas-Shiman, M.B. Belfort, K.P. Kleinman, E. Oken, and M.W. Gillman.
2009. “Weight Status in the First 6 Months of Life and Obesity at 3 Years of Age.” Pediatrics
123(4):1177-83.

Taylor, J.A.,L.J. Geyer, and K.W. Feldman. 2010. “Use of Supplemental Vitamin D among Infants
Breastfed for Prolonged Periods.” Pediatrics 125(1):105-11.

Terushkin, V., A. Bender, L. Psaty, O. Engelsen, S. Wang, and A. Halpern. 2010. “Estimated
Equivalency of Vitamin D Production from Natural Sun Exposure versus Oral Vitamin D
Supplementation across Seasons at Two US Latitudes.” Journal of the American Academy of
Dermatology 62(6):929.61-929.¢9.

Trilok-Kumar, G., M. Kaur, A.M., Rehman, H. Arora, M.M. Rajput, R. Chugh, and S. Filteau.
2015. “Effects of Vitamin D Supplementation in Infancy on Growth, Bone Parameters, Body
Composition and Gross Motor Development at Age 3—6 Years: Follow-up of a Randomized
Controlled Trial.” International Journal of Epidemiology 44(3):894-905.

Trudeau, J., K.S. Conway, and A. Kutinova Menclova. 2016. “Soaking up the Sun: The Role of
Sunshine in the Production of Infant Health.” American Journal of Health Economics 2(1):1-40.

Tucker, P., and J. Gilliland. 2007. “The Effect of Season and Weather on Physical Activity: A
Systematic Review.” Public Health 121(12):909-22.

Turer, C.B., H. Lin, and G. Flores. 2013. “Prevalence of Vitamin D Deficiency among Overweight
and Obese US Children.” Pediatrics 131(1):e152—e161.

Vanlint, S. 2013. “Vitamin D and Obesity.” Nutrients 5(3):949-56.

Vimaleswaran, K.S., D.J. Berry, C. Lu, E. Tikkanen, S. Pilz, L.T. Hiraki, and A.R. Wood. 2013.
“Causal Relationship between Obesity and Vitamin D Status: Bi-directional Mendelian Ran-
domization Analysis of Multiple Cohorts.” PLoS Medicine 10(2):e1001383.

Visscher, T., and J. Seidell. 2004. “Time Trends (1993-1997) and Seasonal Variation in Body
Mass Index and Waist Circumference in the Netherlands.” International Journal of Obesity
28:1309-16.

Voss, J., D.B. Allison, B.J. Webber, J.L. Otto, and L.L. Clark. 2014. “Lower Obesity Rate during
Residence at High Altitude among a Military Population with Frequent Migration: A Quasi
Experimental Model for Investigating Spatial Causation.” PLoS One 9:¢93493.

Wang, Y., and T. Lobstein. 2006. “Worldwide Trends in Childhood Overweight and Obesity.”
International Journal of Pediatric Obesity 1:11-25.



Downloaded from by guest on September 12, 2026. Copyright 2022

Dustmann, Sandner, and Schonberg

Wang, Y., and Q. Zhang. 2006. “Are American Children and Adolescents of Low Socioeconomic
Status at Increased Risk of Obesity? Changes in the Association between Overweight and
Family Income between 1971 and 2002.” American Journal of Clinical Nutrition 84(4):707-16.

Weden, M.M., P.B. Brownell, M.S. Rendall, C. Lau, M. Fernandes, and Z. Nazarov. 2013. “Parent-
Reported Height and Weight as Sources of Bias in Survey Estimates of Childhood Obesity.”
American Journal of Epidemiology 178(3):461-73.

Wernerfelt, N., D.J. Slusky, and R. Zeckhauser. 2017. “Second Trimester Sunlight and Asthma:
Evidence from Two Independent Studies.” American Journal of Health Economics 3(2):227-53.

Wicherts, I.S., A.J.P. Boeke, .M. van der Meer, N.M. van Schoor, D.L. Knol, and P. Lips. 2011.
“Sunlight Exposure or Vitamin D Supplementation for Vitamin D-Deficient Non-western
Immigrants: A Randomized Clinical Trial.” Osteoporosis International 22:873-82.

Wood, R.J. 2008. “Vitamin D and Adipogenesis: New Molecular Insights.” Nutrition Reviews
66(1):40-46.

Woolcott, O., O. Castillo, C. Gutierrez, R. Elashoff, D. Stefanovski, and R. Bergman. 2014.
“Inverse Association between Diabetes and Altitude: A Cross-Sectional Study in the Adult
Population of the United States.” Obesity 22(9):2080-90.

Wortsman J., L. Matsuoka, T. Chen, Z. Lu, and M. Holick. 2000. “Decreased Bioavailability of
Vitamin D in Obesity.” American Journal of Clinical Nutrition 72(3):690-3.

Zellner, K., G. Ulbricht, and K. Kromeyer-Hauschild. 2007. “Long-Term Trends in Body Mass
Index of Children in Jena, Eastern Germany.” Economics and Human Biology 5(3):426-34.

1713



