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Extreme Heat, Birth Outcomes, and Socioeconomic
Heterogeneity

Risto Conte Keivabu and Marco Cozzani

ABSTRACT We investigate the effect of extreme heat on birth outcomes and how this
effect may vary by family socioeconomic status (SES). We create a detailed data set
by linking individual-level data on approximately 4 million newborns in Spanish pro-
vincial capitals between 1990 and 2016 with precise meteorological data on the tem-
peratures children experienced throughout their gestation. The outcomes are preterm
birth, low birth weight, and very low birth weight. Socioeconomic status is assessed
using parents” highest occupational level. We find that the incidence of negative birth
outcomes increased for children exposed to extreme heat in early gestation. Further, the
effect is concentrated mostly among children from a low socioeconomic background.
Given the importance of birth outcomes for the next generation’s well-being, our results
highlight the potential contributions of extreme temperatures to the widening of preex-
isting socioeconomic inequalities. The forecasted increase in extreme climatic events
makes the results of this study concerning, especially for low-SES children.

KEYWORDS Temperature * Birth outcomes ¢ SES inequalities

Introduction

The average global temperature has risen by approximately 1.5°C since the prein-
dustrial period (Cramer et al. 2018), and climate forecasters expect even more severe
increases in the coming decades (Beniston et al. 2007; Fischer et al. 2012). Concerns
about rising global temperatures have stimulated research on the consequences of
climatic conditions. A growing body of research has been investigating the conse-
quences of extreme temperatures, seasonality, and meteorological phenomena on a
broad array of social outcomes, such as income, mortality, morbidity, fertility, cog-
nitive ability, educational achievement, mental health, and birth outcomes (Barreca
et al. 2018; Currie and Rossin-Slater 2013; Dell et al. 2014; de Oliveira et al. 2021;
Deschénes et al. 2009; Isen et al. 2017; Wilde et al. 2017).

In this article, we provide novel evidence on the consequences of extreme heat on
birth outcomes and its variations across socioeconomic groups. We ask two research
questions. First, does extreme heat during gestation affect birth outcomes? Second,
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is the effect of extreme heat stratified by parental socioeconomic status (SES)? To
address these questions, we create an exhaustive data set. We link individual-level
data on approximately 4 million newborns in Spanish provincial capitals between
1990 and 2016 with precise meteorological data on the temperatures children experi-
enced throughout gestation.

The prenatal period may have lifelong implications. It represents a sensitive
stage of human development, and even small adverse events while in the womb may
have profound consequences on fetal development and birth outcomes (Almond and
Currie 2011; Almond et al. 2018; Barker 1990), which influence children’s future
well-being (Black et al. 2007; Hérkonen et al. 2012; Palloni 2006; Torche 2018).
Climate affects birth outcomes: prolonged exposure to extreme heat in utero may
compromise fetal growth, increasing the incidence of adverse birth outcomes, such
as low birth weight (LBW) and preterm birth (PTB) (Chen et al. 2020; Deschénes
et al. 2009).

Yet, less is known about whether these consequences are the same for children
from different socioeconomic backgrounds. Three large review studies on the con-
sequence of climate on birth outcomes identified only a handful of studies investi-
gating whether SES moderates the adverse consequences of extreme temperatures
on birth outcomes (Bekkar et al. 2020; Chersich et al. 2020; Zhang et al. 2017).
Further, these studies led to mixed results. Four studies found that low-SES chil-
dren are more vulnerable to extreme temperatures in China, Vietnam, and New
York City (Chen et al. 2020; Le and Nguyen 2021; Liu et al. 2022; Ngo and Horton
2016). By contrast, one article found no clear heterogeneous effect in Seoul, Korea
(Son et al. 2019), another found no differences in Hungary (Hajdu and Hajdu
2021), and yet another found a larger risk among socially advantaged mothers in
California (Basu et al. 2018).

Our study builds on this literature and contributes in several ways to the under-
standing of the heterogeneous effect of extreme heat on birth outcomes. First,
whereas most previous studies focused on a single measure of birth outcomes, we
study multiple indicators: LBW, PTB, and very low birth weight (VLBW). Second,
with two exceptions (Basu et al. 2018; Hajdu and Hajdu 2021), prior studies on
extreme heat in urban populations focused on a single city. Here, we provide a
comprehensive account of the heterogeneous effect of extreme heat on the
Spanish urban population, studying all births over a 27-year period (1990-2016).
Spain represents an interesting case study because average temperatures increased
faster there than in other European countries (Cramer et al. 2018) and because it
has significant cross-city variation in climatic conditions. Third, given the mixed
results from developed countries (Basu et al. 2018; Hajdu and Hajdu 2021; Ngo
and Horton 2016; Son et al. 2019), our comprehensive results from Spain provide
new important, incremental evidence on the socioeconomic heterogeneity of the
effect of extreme temperatures on birth outcomes. We believe that studying how
the consequences of climatic events interact with SES is an important way to com-
prehend how climate change could shape socioeconomic inequalities in the future.
Moreover, we contribute to the broader literature on the unequal consequences of
disruptive life events and their stratification by SES in a population (Aquino et al.
2022; Bernardi 2014; Conley 2008).
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Background

Extreme Temperatures and Birth Outcomes: Biological Mechanisms

Changing climatic conditions, particularly extreme heat, may expose mothers and
fetuses to new environmental stressors, harming maternal well-being and fetal devel-
opment. First and foremost, pregnant women experience hormonal, metabolic, and
anatomical changes that cause physical strain and make them more susceptible to
extreme climatic conditions (Chersich et al. 2020; Laburn 1996; Wells 2002). These
maternal characteristics translate into vulnerabilities for the fetus, whose ability to
absorb and dissipate heat depends entirely on the mother: approximately 85% relies
on maternal blood circulation, and the remaining 15% depends on amniotic fluids and
the placental walls (Laburn 1996; Polin et al. 2011).

Extreme heat can lead to maternal hyperthermia, which has been shown to have
teratogenic effects,! leading to birth defects. In animal studies on guinea pigs, a heat-
wave in the 1960s was linked to miscarriages as well as birth defects, such as micro-
cephaly, anencephaly, reduced limb length, and heart and renal defects (Edwards
1998; Graham 2005). In human studies, the teratogenic effects of maternal hyper-
thermia are more mixed. Some studies linked prolonged exposure to saunas and hot
tubs to birth defects (Duong et al. 2011; Milunsky et al. 1992), whereas other studies
contested these findings (e.g., Ravanelli et al. 2019). Maternal hyperthermia seems
to be linked to gestational anomalies through the disruption of protein conformation
and function among developing tissues (Polin et al. 2011). Fetal hyperthermia is also
likely to occur because the fetus’ rapidly forming tissues produce a large amount
of heat—approximately twice the amount that adult tissues produce (Laburn 1996).
Fetal brain development is one of the most heat-producing processes during fetal
formation, but brain tissues are also those more sensitive to heat (Laburn 1996).
Maternal hyperthermia is also linked to intrauterine fetal growth restriction through
placental deficiencies, such as reduced uterine and umbilical blood flow (Regnault
et al. 2005). There is no complete consensus on how prolonged such heat exposure
has to be to lead to fetal health insults. Both a body temperature increase beyond 2°C
for more than an hour and prolonged milder body temperature increases (i.c., 0.6°C)
trigger adverse effects (Regnault et al. 2005).

Medical literature on gestational hyperthermia suggests that the pregnancy stage at
which extreme heat exposure occurs matters for fetal development. The teratogenic
effects of early-pregnancy hyperthermia on limbs and other organs have been doc-
umented (Graham 2005; Polin et al. 2011). Similarly, animal studies also found that
heat exposure is linked with intrauterine growth restrictions in the first and second
trimesters of gestation (Bell et al. 1987; Regnault et al. 2005). Yet, the epidemiologi-
cal and social science literature on the effect of heat on birth outcomes has produced
mixed results on trimester sensitivity: some studies found larger estimates in the first
and second trimesters (Cho 2020; Ngo and Horton 2016), and others found larger
estimates in the second and third trimesters (Chen et al. 2020; Deschénes et al. 2009;

! That is, hyperthermia may affect cell and tissue development in the fetus.
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Hajdu and Hajdu 2021). These differences may be related to a failure to account for
selective mortality of fetuses exposed in early pregnancy (Bruckner and Catalano
2018; Hajdu and Hajdu 2021).

SES and the Stratified Effect of Extreme Heat

Some studies on the effect of extreme heat on birth outcomes investigated poten-
tial variation across population subgroups. For example, in their seminal work,
Deschénes et al. (2009) found differences across racial groups in the United States.
Other studies found differences in the effect of extreme heat by maternal age, mater-
nal body mass index (BMI), and smoking and alcohol consumption (for a review,
see Zhang et al. 2017). Here, we focus on SES because its interaction with climatic
conditions may have implications for how future climate change could affect the
intergenerational transmission of SES across generations and, more generally, socio-
economic inequalities.

Whether SES could buffer the effect of prenatal exposure to extreme heat is an
open question. Theoretical debate centers on whether parents recognize that a par-
ticular event could harm the fetus and whether they will respond to this possible
insult (Almond and Mazumder 2013). Empirical studies investigating prenatal health
insults have found mixed results regarding whether prenatal adverse exposures are
mitigated by SES (Torche and Conley 2016).? In this section, we outline at least
three sets of mechanisms that may lead to a stratified effect of extreme temperatures:
(1) differential exposure, (2) differential resources, and (3) differential susceptibility.

First, differential exposure occurs when conditions related to a mother’s socioeco-
nomic background reduce or exacerbate her exposure to extreme temperatures. Hous-
ing conditions vary based on socioeconomic background. For example, high-SES
individuals are more likely to inhabit the coolest and greenest areas of a city (Taylor
et al. 2018). Further, SES influences access to cooling technologies. Low-SES indi-
viduals may be less likely to purchase air conditioning and properly insulate their
homes owing to monetary constraints. Finally, SES-related work environments and
occupational characteristics may influence the effect of extreme temperatures. On
the one hand, workers in manual occupations (e.g., agricultural work, construction)
and those working in bakeries, restaurants, and laundries conduct physically intense
tasks in hot and often poorly ventilated areas (Varghese et al. 2018). Such work-
ers are therefore the most exposed to heat-related risks. On the other hand, white-
collar workers are the least at risk; they do not perform strenuous physical work
and are often provided with air conditioning and proper insulation to protect them
from uncomfortable temperatures in the workplace. White-collar workers are also
likely to have more control over their work schedules, enabling them to avoid risks
related to extremely hot weather. Also, higher wages and appropriate work contracts

2 For example, some studies suggested that SES mitigates the effects of prenatal maternal stress (Brown
2018; Cozzani et al. 2022; Duncan et al. 2017). By contrast, other studies found null results (Brown 2020;
Persson and Rossin-Slater 2018), and one study found an opposite effect (Torche and Villarreal 2014).
Nonetheless, each stressor (e.g., stress, pollution, temperatures) may have its own specific mechanisms,
which may or may not be moderated by parental SES.
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may confer other benefits to white-collar workers. For instance, they may be able
to spend long summer vacations in milder areas to avoid extremely hot summers,
or they may use private means of transportation rather than the more crowded (and
therefore hotter) public ones.

Second, SES-related cultural and social coping resources may moderate the effect
of extreme heat. For example, higher SES individuals achieve, on average, more
years of education and have a better grasp of crucial health knowledge (Abel 2008),
which may lead them to choose less risky behaviors during high temperatures. They
may also have access to more social support, allowing pregnant women to avoid
strenuous tasks, such as long errands on very hot days (Kawachi et al. 1997; Pampel
et al. 2010).

Third, differential susceptibility (Forastiere et al. 2007; Liu et al. 2022) is another
channel through which extreme heat may have a stratified effect on a population.
SES shapes inequalities in health and morbidity (Mackenbach et al. 2008). Lower
status individuals have, on average, higher BMI and a higher incidence of cardio-
vascular diseases and diabetes (Basto-Abreu et al. 2018; Schultz et al. 2018); these
relationships also hold for pregnant women (Baron et al. 2015). Because extreme
temperatures are more detrimental for individuals with a preexisting medical condi-
tion (Kovats and Hajat 2008), lower SES women and their offspring may be more
susceptible to extreme climatic events.

Spanish Climate, Extreme Events, and Forecast

Spain’s Mediterranean climate is characterized by temperate, rainy winters and warm,
dry summers (Lionello et al. 2006). However, its provinces demonstrate significant
climate differences: the north is colder and rainier than the south. Figure 1 displays
the average yearly temperatures (1990-2016) for each Spanish province capital in our
empirical analysis. Mean temperatures vary from approximately 10°C (50°F) in the
north to 20°C (68°F) in the south, denoting geographic variability.

In the last decades, the Spanish Mediterranean climate has been unstable and
affected by climate change, becoming warmer more quickly than in other European
countries (Cramer et al. 2018; Fischer et al. 2012; Perkins-Kirkpatrick and Lewis
2020). A notable example is 2003, which saw the hottest summer in Europe since
1500 AD (Stott et al. 2004). Climatic projections forecast a future intensification of
extreme phenomena. For example, climate forecasters expect a 20-fold increase in
hot days in the Iberian Peninsula in 2071-2100 compared with 1961-1991 (Fischer
etal. 2012).

Data, Variables, and Methods

Spanish Birth Certificates

To estimate the effect of extreme temperatures on birth outcomes, we combine
individual-level information from Spanish birth certificates with detailed meteorolog-
ical data. The Spanish birth certificates, provided by the Spanish National Statistical
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Fig. 1 Average temperature by Spanish provincial capitals, 1990-2016. The color in each province refers
to the average of its provincial capital. The legend is reported in Celsius, with a Fahrenheit range of
50°F—68°F.

Institute (Instituto Nacional de Estadistica, INE), are administrative data covering
the universe of newborns in Spain every year. The data are collected from the birth
certificates submitted by a parent of the child at the time of the newborn’s inscription
in the civil register. The certificates contain anthropometric measures of children that
are consistent with hospital records, especially for frail deliveries (Juarez et al. 2012).

We include only children born in a provincial capital between 1990 and 2016.
This restriction allows us to combine birth certificate data with precise meteorologi-
cal data. The final, largest analytic population consists of 4,314,381 singleton births
(more than 40% of the newborn population in Spain in the period considered).

We combine births with meteorological data from the date of conception, with
an approach similar to Deschénes et al.’s (2009). Because precise birthdates are not
available, we assume that all children were born in the middle of the month; we
then count backward to the month of conception using gestational age. This strat-
egy is preferable because birthdate may be an outcome of temperature (Currie and
Rossin-Slater 2013; Deschénes et al. 2009).

Meteorological Data

We draw on the E-OBS daily gridded meteorological data available in the
Copernicus Climate Data Store (https://cds.climate.copernicus.cu/#!/home). Several
European meteorological institutions and universities gather environmental observa-
tions on-site, which meteorologists used to construct these gridded values (Cornes
et al. 2018). This data set contains accurate and complete historical climatic data
from 1950 to 2020 with high spatial resolution for many countries in Europe and the
Mediterranean area. The data for Spain are daily temperatures that numerous climatic
stations collect and interpolate for the whole country (Cornes et al. 2018). We use
the gridded meteorological data to extract the temperature estimates for areas closest
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to the center of the provincial capital. Additionally, we extract available information
on other climatic variables: average precipitation, relative humidity, wind speed, and
solar radiation. Total precipitation is the daily millimeters of rain, snow, and hail.
Humidity, measured in percentages, denotes the relative humidity each day; 100%
indicates that the air is saturated with water. Wind speed is measured in meters per
second. Surface shortwave downwelling radiation is a measure of solar radiation cal-
culated in watts per square meter.

Variables

We use three birth outcomes as dependent variables. First, PTB indicates whether a
child is born before the 37th week of gestation. This variable, measured separately
from gestational age in weeks, has no missing values because the INE imputes them;
in approximately 12% of cases, gestational age in weeks is missing.> Second, LBW
(<2,500 grams) is a parental report at the time of the inscription in the civil register.
A study comparing the report in the registers with hospital records found that data are
accurate for frail deliveries (i.e., PTB and LBW; Juarez et al. 2012). Third, we mea-
sure whether the child had VLBW (<1,500 grams). Following common practice in
the literature, we focus on binary indicators for PTB, LBW, and VLBW because they
are good predictors of fetal environment, fetal health impairments, and future devel-
opmental potential (Boardman et al. 2002; Torche and Conley 2016).

The main independent variables are temperature bins counting the number of days
within a range of mean temperatures by trimester: cold days (<5°C/<41°F); days in
the comfort zone (5°C-25°C/41F°-77°F); warm days (>25°C-32°C/>77°F-89.6°F);
and hot/extremely hot days (>32°C/>89.6°F). These bins resemble those adopted in
the literature (Barreca et al. 2016; Cho 2020; Hovdahl 2020). However, in sensitivity
analyses using different measures of temperatures, we find consistent results (dis-
cussed later). The reference category in the models is 5°C-25°C (the comfort zone):
the results can be interpreted as the effect of an extra day with extreme temperatures
relative to a day in the comfort zone.

Our key stratifying variable is the highest SES among parents, measured as the
highest occupational level of the mother and father. In the years covered in our study,
the only comparable measure of SES provided on birth certificates is maternal and
paternal occupation, measured by the one-digit International Standard Classification
of Occupations (ISCO) 1968 and 1988. To ensure comparability between the 1968
and 1988 ISCO measurements, we categorize parents as high, medium, and low SES
by relying on the average International Socio-economic Index of occupational status
(ISEI) score of each ISCO one-digit category (Ganzeboom and Treiman 1996). Those
with high SES have an ISEI of 60 or above, medium SES indicates an ISEI of 40-59,
and low SES is an ISEI below 39.

For 1990-2006, SES is measured by ISCO-68 in 12 categories: (1) professionals,
technicians, and associate professionals; (2) managers and legislators; (3) clerical

3 We replicated analyses without those cases, and the results were fully consistent with those presented in
the main text (see Table S1, online appendix).

¥20z IMdy 2| uoisenb Aq ypd-ejuod|g9L//Ze9¥91/LE9L/S/6S/Pd-ajone/AydelBowap/woo lieyosaAis dnp//:dpy woly papeojumoq



1638 R. Conte Keivabu and M. Cozzani

support workers; (4) salesman and shop owners; (5) sales and services elementary
occupations; (6) agricultural, forestry, and fishery workers; (7) production workers,
trade workers, and plant and machine operators; (8) army; (9) students; (10) unpaid
houseworkers; (11) retired; and (12) no information. We code the 12 categories into
three broad groups: high SES includes categories 1 and 2; medium SES is catego-
ries 3 and 4; and low SES is categories 5, 6, and 7. We also create a category for
stay-at-home mothers, which includes category 10; inactive/no information covers
categories 11 and 12.

For 2007-2016, SES is assessed with the ISCO-88 in 14 categories: (1) legislators,
senior officials, and managers; (2) professionals; (3) technicians and associate profes-
sionals; (4) clerks; (5) service and shop and market sales workers; (6) skilled agricultural
and fishery workers; (7) craft and related trade workers; (8) plant and machine operators;
(9) elementary occupations; (10) students; (11) unpaid houseworkers; (12) inactive; (13)
army; and (14) no information. In this case, high SES is indicated by categories 1 and 2,
medium SES is categories 3 and 4, low SES is indicated by categories 5-9, stay-at-home
mothers are category 11, and inactive/no information is categories 12—14. In the pooled
analysis, we also include births to inactive/no-information parents. In the heterogeneous
analyses, we focus on high-, medium-, and low-SES measures across parents. Moreover,
we also provide supplementary analyses using maternal education, which is available for
2007-2016; the results are consistent with those presented in the main text.

We include mother, child, contextual, and climatic controls in the analyses. Mother
and child controls include mother’s age and mother’s age squared, the newborn’s sex,
whether the child is the firstborn, mother’s marital status, and migration background
that we capture with a binary variable indicating whether the mother has a non-
Spanish background (0 = native Spanish; 1 = non-Spanish). Contextual controls are
the share of females participating in the labor force, the province-cohort share of
females with tertiary education, population density, the logarithm of the provincial
GDP per capita, and vegetation’s leaf area index. Climatic controls are solar radia-
tion, average precipitation, wind speed, and relative humidity.

Empirical Strategy

To estimate the effect of extreme temperatures on birth outcomes, we compute linear
probability models. When we investigate the heterogeneous effect, we estimate the
models separately by SES. We define the model as follows:

P(Y=1),=3, 0"TBINTR1},, + ¥ 6" TBINTR?2),, +Y 6"TBINTR3),,

+ 60X, +a,, +v,+9, +¢, (1)

where i denotes the individual; p, y, and m are the province, year, and month of con-
ception, respectively; and j is an index of the four mean temperature bins. P(Y =1),
is the probability that a given birth outcome equals 1. TBINTR1 are the temperature
bins (defined as specified earlier) that a child experienced in the first trimester (7R1)
of gestation; TBINTR2 and TBINTR3 are the respective variables representing the
second and third trimesters. X; is a vector of control variables (defined earlier). o,
accounts for province X year trends, y , is the province X polynomial quadratic in the
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year-month of conception time trend, and J,, is the conception month fixed effects.
More precisely, the province X year fixed effects allow us to capture the 50 provin-
cial capital-specific yearly variations in factors such as economic growth over the
27 years of our analysis. The province X polynomial quadratic in the year-month of
conception time trend and conception month fixed effects allow us to account for
the province’s specific seasonal trends. Results are also robust to alternative fixed-
effects specifications (discussed later). The standard errors are clustered at the
provincial capital level. Because of the unpredictability of extreme weather condi-
tions, we expect the effect of temperature to be orthogonal to other factors affecting
birth outcomes. Our results are unchanged by the inclusion of the large set of control
variables mentioned earlier (results available upon request ).

Results

Descriptive Statistics

To contextualize our analyses, we show in Table | the distribution of variables by
parental SES. In the period considered (January 1990-December 2016), we find no
substantive differences in exposure to hot days (>32°C/>89.6°F), which averages
between 0.31 and 0.35 days of pregnancy across SES groups. Although the number of
hot days seems rather small, approximately 10% of our analytic sample (N=423,221)
experienced at least one day above 32°C during gestation.

Newborns show a negative gradient in birth outcomes across parental SES groups.
The prevalence of PTB is approximately 5.8% for high-SES offspring and increases
to 7.7% for low-SES offspring. Similar differences by SES are observed for the inci-
dence of LBW: 4.7%, 5.5%, and 6.7% for high-, medium-, and low-SES children,
respectively. Approximately 0.5% of high-SES offspring have VLBW, compared
with 0.9% for low-SES offspring.

The Effect of Extreme Temperatures on Birth Outcomes by SES, Trimester,
and Newborn’s Sex

In this section, we describe our results for the effect of extreme heat during the entire
gestational period on birth outcomes in the full sample and by SES. We also describe
the results by trimester of gestation and by newborn’s sex.

Table 2 displays the results for the full sample and by SES for the effect of temper-
atures across the entire gestational period on the likelihood of PTB, LBW, and VLBW.
The coefficients presented in the table are multiplied by 100; they can be interpreted as
the percentage-point change in a certain birth outcome with an additional day falling
within a certain temperature bin relative to being in the reference bin.

In the full sample (columns 1-3), we observe a nonsignificant increase in LBW and
VLBW for each additional day above 32°C (89.6°F) relative to the comfort zone, and
we do not observe any increase in PTB. We observe a heterogeneous effect of extreme
heat by SES (columns 4-12). An additional day above 32°C (89.6°F) relative to the
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Table 1 Descriptive statistics

High SES Medium SES Low SES

Mean % N (SD) Mean % N (SD) Mean % N (SD)

Birth Outcomes

PTB 5.77 85,618 6.39 73,238 7.72 100,527
LBW: 4.74 68,611 5.45 60,664 6.74 84,158
VLBW: 0.54 7,743 0.64 7,178 0.85 10,648
Newborn
Sex (male) 51.64 873,722 51.62 723,225 51.58 671,425
Firstborn 54.15 803,006 56.95 652,735 50.64 659,191
Mother
Mother is married 95.4 1,614,298 78.06 894,598 64.61 841,018
Mother’s age 33.19 (4.18) 31.91 (4.75) 29.49 (5.62)
Non-Spanish 4.6 77,767 5.68 65,086 18.11 235,803
Contextual Characteristics
Female employment 0.44 (0.11) 0.43 (0.11) 0.43 (0.11)
Share of females with
tertiary degree 0.39 (0.11) 0.39 (0.13) 0.39 (0.13)
Population density
(per km?) 348.44 (291.80) 295.63 (279.01) 239.70 (256.40)
In(GDP) 10.33 (1.3D) 10.12 (1.28) 9.84 (1.30)
Vegetation’s leaf area
index (m?*m?) 2.01 (0.79) 2.06 (0.69) 2.04 (0.82)
Climate
Solar radiation (W/m?) 1,017 (4.35) 1,017 (4.35) 1,017 (4.32)
Relative humidity (%) 66.25 (11.91) 66.50 (11.64) 67.01 (11.26)
Precipitation (mm/day) 1.34 (1.48) 1.29 (1.45) 1.28 (1.46)
Wind speed (m/sec) 0.36 (0.90) 0.34 (0.94) 0.31 (0.98)
Temperature
Cold days (<5°C/
<41°F) 13.11 (17.55) 13.08 (19) 12.88 (19.15)
Comfort zone (5°C—
25°C/41°F-T7°F) 228.36 (26.42) 227.77 (26.50) 227.94 (26.88)
Warm days
(>25°C-32°C/
>77°F-89.6°F) 32.14 (25.7) 32.74 (26.11) 26.72 (26.72)
Hot days (>32°C/
>89.6°F) 0.31 (1.39) 0.33 (1.42) 0.35 (1.42)
% SES 37.73 1,482,984 29.16 1,146,060 33.12 1,301,743

Notes: Descriptive statistics are displayed by SES and exclude those without SES information and those
who are inactive. These statistics are computed on the largest sample for each SES group. N=3,930,787.

2 The overall number of observations for LBW and VLBW is 3,807,535 births.

comfort zone increases the risk of LBW and VLBW (8 = 0.026 and B = 0.020, respec-
tively; p < .05) only among low-SES newborns. We also observe a reduction in the
risk of LBW for high-SES offspring (B = —0.28; p < .05), and we speculate that this
decrease is related to protective behavior during extreme heat among high-SES parents
(e.g., avoidance of carrying out activities in the heat). Additionally, we find that expo-
sure to cold reduces the risk of adverse birth outcomes mostly for medium-SES (PTB:
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B=-0.09, p <.05; LBW: B =-0.07, p < .05) and low-SES parents (LBW:  =—0.04;
p <.05). However, the effect size of these coefficients is minuscule—at only a fraction
of the coefficients for extreme heat. A possible explanation for the decrease in negative
birth outcomes with temperatures below 5°C could be related to the broad availability
of heating technologies that allow one to reduce the negative impact of cold spells and
to increase the time spent indoors (Chirakijja et al. 2019).

Figure 2 displays the results of the effect of extreme heat (>32°C/>89.6°F) by
SES and trimester of gestation; full results are presented in Table S2 in the online
appendix. The figure displays the percentage-point change in birth outcomes and
95% confidence intervals for each additional day of extreme heat relative to the refer-
ence bin. Overall, we find that an additional day above 32°C (89.6°F) has a negative
impact only on low- and medium-SES offspring, especially for such temperatures
experienced in early pregnancy. For PTB, we do not find any statistically significant
effect across all trimesters, except among low-SES offspring in the third trimester.
For LBW, heat in the first trimester increases the risk of adverse birth outcomes for
low- and medium-SES offspring (B = 0.033 and B = 0.047, respectively; p < .05).
Heat in the second trimester increases the risk only for low-SES offspring (f = 0.085;
p <.05), which also shows the highest magnitude in terms of effect size. For VLBW,
low SES consistently shows the highest point estimates in the effect of extreme heat
across all trimesters ( = 0.023, B = 0.023, and § = 0.017, for the first, second, and
third trimesters, respectively), but only effects in the second and third trimester reach
statistical significance at conventional levels (p < .05). We also compare coefficients
for medium- and low-SES offspring with those of high-SES offspring using a for-
mula for nonnested models (Clogg et al. 1995). All coefficients are statistically dif-
ferent (p < .05) except the coefficient on VLBW for low-SES offspring for the effect
of heat in the first trimester.

Finally, because some studies highlighted the greater sensitivity of male fetuses to
shocks in utero relative to females (DiPietro and Voegtline 2017; Fukuda et al. 2014), we
replicated our analyses presented in Table 2 by the newborn’s sex (see Figure S1, online
appendix). Results show that extreme heat impacts the risk of LBW equally for low-SES
males and females, but it has a larger impact on VLBW for males ( = 0.030; p < .05)
than for females (3 = —0.007; nonsignificant). These coefficients are statistically different
(p < .05). Overall, newborn males appear to be slightly more affected by extreme heat
while in utero.

Effects Size and Magnitude

The preceding discussion describes our coefficients in terms of their statistical signif-
icance. This practice has been criticized because the substantive significance of such
findings is unclear (Bernardi et al. 2017; McCloskey and Ziliak 1996). We benchmark
our estimates with results from previous research. To this aim, we compile a table of
comparable studies using temperature bins to estimate the effect of heat on LBW, the
most comparable outcome. Table 3 displays the summary of coefficient size (by SES,
where possible) among our selection of studies. Research using temperature bins has
found small changes in birth outcomes for one additional hot day, on the order of a
fraction of a percentage point. Our baseline estimate for LBW is the lower bound
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Fig. 2 Estimated effect of extreme heat (>32°C/>89.6°F) on birth outcomes, by SES and trimester of
pregnancy. PTB = preterm birth. LBW = low birth weight. VLBW = very low birth weight. Estimates
are obtained from Table S2 (online appendix), which also displays full estimates for other temperature
bins. Coefficients, scaled by 100 to enhance readability, can be interpreted as percentage-point changes
in the specific birth outcome. Each model includes fixed effects for province x year of conception, the
province-specific polynomial quadratic in the century-month of conception, and the month of conception.
Demographic control variables include the mother’s marital status, the mother’s age, age squared, whether
the child is the firstborn, and the mother’s ethnic origin. Contextual controls include population density,
the female employment rate, the logarithm of the provincial GDP, the provincial cohort-specific share of
women with a tertiary degree, and vegetation’s leaf area index. Climatic controls include relative humidity,
solar radiation, wind speed, and average precipitation. Whiskers represent 95% confidence intervals.
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(an increase of 0.029 percentage points), and Liu et al.’s (2022) coefficients for low-
educated mothers is the upper bound (an increase of 0.19 percentage points). Yet, the
second-highest estimate is our coefficient on the effect of an additional day above
32°C (89.6°F) for low-SES mothers exposed in the second trimester (an increase of
0.085 percentage points). Overall, we believe our estimates are in line with compa-
rable research.

Despite the small magnitude of one additional day of extreme heat, the estimates
become substantially larger for longer spells of extreme heat. For example, five days of
extreme heat relative to the reference bin during the second trimester of pregnancy would
increase the risks of LBW and VLBW for low-SES offspring by approximately 0.425 and
0.115 percentage points, respectively. Compared with the sample average, these figures
translate into nontrivial increases of 5% and 14% for LBW and VLBW, respectively.

Supplementary Analyses

Testing Explanations for Heterogeneous Effects

The heterogeneous effect of extreme temperatures may be explained by selective
fetal deaths in utero (Bruckner and Catalano 2018; Hajdu and Hajdu 2021). For
example, one of the SES groups may experience a disproportionate number of fetal
deaths among frail fetuses when exposed to extreme heat. Consequently, a decrease
in frail births for a particular SES group could erroneously suggest a heterogeneous
effect on birth outcomes. We collect administrative data on late fetal deaths provided
by INE from 1990 to 2016 and estimate Eq. (1) by SES, using late fetal deaths as an
outcome. Figure 3 shows that heat stress increases the occurrence of late fetal deaths
only for low- and medium-SES mothers in the first trimester. This result suggests that
selective mortality does not drive our results. Rather, we observe an additional nega-
tive outcome among medium- and low-SES mothers, suggesting that our coefficients
for the first trimester may be a conservative estimate of the effect of heat.

Another possible explanation for the heterogeneous effect of extreme tempera-
tures is that heat waves depress fertility (Barreca et al. 2018). Fertility decisions may
be stratified if high-SES parents are more aware of the risk of extreme temperatures
and thus time conception to avoid hot periods and protect their newborn’s health. To
test this scenario, we create a province-year-month data set including the number
of conceptions for each SES group and combine it with temperatures in the month
the conception occurred. Figure 4 displays three regression models* in which the
logarithm of the number of conceptions for each SES group in each province-year-
month is regressed against the prior province-year-month temperature bins. We find
that conceptions decrease with hot days regardless of the SES group, suggesting that
selective fertility strategies do not underlie our results.

4 Models are estimated with temperature bins defined as in Eq. (1). Models include province X year and
province X month fixed effects and controls for population density, female employment rate, the logarithm
of the provincial GDP per capita, the provincial cohort—specific share of women with a tertiary degree, a
vegetation index, relative humidity, solar radiation, wind speed, and average precipitation.
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Fig. 3 Estimated effect of extreme heat (>32°C/>89.6°F) on late fetal deaths by SES and trimester. Coef-
ficients, scaled by 100 to enhance readability, can be interpreted as percentage-point changes in late fetal
deaths. Each model includes fixed effects for province X year of conception, the province-specific poly-
nomial quadratic in the century-month of conception, and the month of conception. Demographic con-
trol variables include the mother’s marital status, the mother’s age, age squared, whether the child is
the firstborn, and the mother’s ethnic origin. Contextual controls include population density, the female
employment rate, the logarithm of the provincial GDP, the provincial cohort—specific share of women with
a tertiary degree, and vegetation’s leaf area index. Climatic controls include relative humidity, solar radia-
tion, wind speed, and average precipitation. Whiskers represent 95% confidence intervals.

Finally, we explore whether disparities in exposure may be a possible explanation
for the heterogeneous effects of extreme temperature. We use OECD data to compare
the proportion of households with access to air conditioning by SES group.’ We find
a gradient in air conditioning access among Spanish households, with 55% of high-
SES individuals having access to air conditioning at home, compared with only 38%
for low-SES individuals. This result suggests that advantaged mothers may be more
likely to access air conditioning to shelter their offspring from intense heat stress.

Sensitivity Analyses and Robustness Checks

We perform our analyses again, this time using different indicators of temperature and
heat. First, we replicate our analyses using a heat index that combines temperature

5 Data are drawn from the OECD’s 2011 Environmental Policy and Individual Behaviour Change survey.
Information on the data set is available at https://www.oecd.org/environment/households.htm.
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Fig. 4 Estimated effect of temperatures on the number of conceptions (logged). Temperature bins are
cold days (<5°C/<41°F), days in the comfort zone (5°C-25°C/41°F-77°F), warm days (>25°C-32°C/
>77°F-89.6°F), and hot days (>32°C/>89.6°F). Estimates are obtained by generating a province-year-
month-SES data set with the number of conceptions for each cell and the number of days within a certain
temperature bin. Models include province X year and province x month fixed effects. Contextual controls
include population density, the female employment rate, the logarithm of the provincial GDP, the provin-
cial cohort—specific share of women with a tertiary degree, and vegetation’s leaf area index. Climatic con-
trols include relative humidity, solar radiation, wind speed, and average precipitation. Whiskers represent
95% confidence intervals.

with humidity to compute a more accurate estimate of perceived temperature (for
more information on this index, see Opitz-Stapleton et al. 2016). These results are
fully consistent with an effect of heat on LBW concentrated among low-SES off-
spring (Table S3, online appendix). Second, we redefine temperature bins as <0°C,
0°C-5°C, >5°C-20°C (the reference bin), >20°C-25°C, >25°C-30°C, and >30°C.°
Consistent with results presented earlier, we find that an additional day above 30°C
(86°F) increases the risk of LBW only for low-SES offspring (Table S4, online
appendix). The effect size for an additional day above 30°C is smaller than that for
an additional day above 32°C (89.6°F), likely due to the lower heat threshold. Third,
we test whether the inability to cool off at night (the so-called tropical nights) has a
detrimental effect on birth outcomes. We define a tropical night as a day with a min-
imum temperature above 20°C (68°F) (Cantos et al. 2019). Our results do not show
any effect of tropical nights on birth outcomes (Table S5, online appendix).

® These categories, respectively, are <32°F, 32°F—41°F, >41°F-68°F (reference bin), >68°F—77°F,
>77°F-86°F, and >86°F.
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Most studies on the heterogeneous effect of extreme heat on birth outcomes have
used maternal education as the SES indicator (as summarized in Table 3). We rep-
licate our analyses for the subgroup of newborns (2007-2016) for which we have
available information on mothers’ educational levels, distinguishing between moth-
ers who have a university degree and those who do not. For the outcome of LBW,
the results are consistent with an effect of heat exposure in the second trimester of
pregnancy for mothers having less than a university degree (f = 0.122; p < .05). We
also replicate the analyses in the same period (2007-2016) with our classification of
SES based on occupational status. These results are fully consistent with those using
educational indicators (Table S6, online appendix).

In addition, our main estimates are robust to a range of fixed-effects specifications
(see Table S7 in the online appendix). For both LBW and VLBW, the effect of heat
among low-SES offspring is unchanged by alternative combinations of fixed effects
in the province, month of conception, year of conception, and the quadratic polyno-
mial in the century-month of conception.

Following common practice in the literature, we conduct a placebo test using
exposure to temperature bins in the 9 months before conception by SES, as in Table 2
(see Table S8, online appendix). The analyses show no detrimental effect of heat, lend-
ing support to our results. Because some autocorrelation in assigning lagged placebo
temperatures within the same provincial capital may produce significant effects, we
compare the effect of exposure to temperatures beyond 32°C (89.6°F) from Table 2
with placebo estimates in Table S8 (online appendix). All the coefficients in Table 2
for low-SES offspring are statistically different (p<.05) from placebo estimates.

Discussion and Conclusion

This article investigates the effect of extreme heat on birth outcomes and whether
the effect is heterogeneous among socioeconomic strata. We found two main results.
First, we observed a negative effect of exposure to temperatures above 32°C (89.6°F)
on birth outcomes, such as LBW and VLBW, particularly when extreme temperatures
occurred in early pregnancy. We found no substantial effect on the probability of
PTB, suggesting that heat may influence fetal growth rather than prematurity. More-
over, we also found evidence suggesting that male fetuses may be more susceptible
to insults in utero, in line with prior studies (Currie and Schwandt 2016; DiPietro and
Voegtline 2017).

The second and most relevant finding is that SES matters for the possible con-
sequences of hot temperatures on birth outcomes. On the one hand, we find that
low-SES mothers are more likely to deliver infants with poor birth outcomes after
exposure to hot temperatures in utero. Although we could not extensively test mecha-
nisms, our ancillary analyses suggest that this pattern is not accounted for by selective
mortality in utero or planned fertility. The gradient in access to air conditioning pro-
vides evidence suggesting that parental resources provide shelter from extreme tem-
peratures. Low-SES mothers might experience higher levels of material deprivation
and lack the resources to adapt to environmental stressors. Additionally, they might
live in poorer areas of a city without the refreshing effects of green spaces and reside
in buildings without proper insulation from outside weather conditions. On the other
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hand, some high-SES mothers who are exposed to extreme heat during pregnancy
seem to reduce the risk of delivering children with poorer birth outcomes. A possible
interpretation of this finding is that high-SES parents may try to compensate for the
exposure to extreme heat (Bernardi 2014; Torche 2018). For example, the availability
of air conditioning, the possibility of vacationing in an area with milder weather, and
the extra care taken during hot days could be mechanisms for this effect.

Regarding other studies on urban populations, our results showing a detrimental
effect of extreme temperatures on birth outcomes only among low-SES mothers are
in line with studies in Guangzhou (China) and New York City (Liu et al. 2022; Ngo
and Horton 2016). However, our results contrast with research finding that highly
educated mothers in California were the most vulnerable to extreme heat (Basu et al.
2018) and with research from Hungary demonstrating no meaningful differences
across SES groups (Hajdu and Hajdu 2021). Because these studies measured the
impact of heat using temperature bins and alternate assessments and investigated
different contexts as case studies, methodological and country differences do not
explain these mixed results.

Our study is not free of caveats. First, our focus on an urban population calls for
caution in generalizing the results to rural areas. Second, data limitations prevented
us from testing whether preexisting health conditions account for our finding of an
SES gradient. Third, one possible source of bias in our study is the influence of air
pollution (Chersich et al. 2020), which might affect both maternal health and the fetus
(Slama et al. 2008). Unfortunately, data on air pollution for most European countries
are available only beginning with the early 2000s, which largely does not overlap
with our observation period of 1990-2016.7 Nevertheless, previous studies that con-
trolled for air pollution found a persistent negative effect of temperature on birth out-
comes (Ngo and Horton 2016). Finally, our use of temperature bins assumes a linear
effect of each day in a temperature bin on birth outcomes. In reality, there may be
some nonlinearities or threshold effects.

Future research should focus on four main gaps we did not tackle in this article.
First, we focused on differences among socioeconomic groups, but inequality may
also change across time. Future research should investigate whether the availability
of more affordable electricity and air conditioning technologies might have reduced
the risks associated with heat stress in the later cohorts, as found in one study in
Australia (Li et al. 2018) or in studies on heat-related mortality (Achebak et al. 2019;
Barreca et al. 2016). Second, it is important to investigate the mechanisms explaining
heterogeneities between SES groups and the prevalence of negative outcomes among
low-SES mothers. Third, as mentioned earlier, research should further investigate
SES heterogeneities in the consequences of extreme heat to explain the conflicting
results in the literature. Fourth, it may be valuable to directly assess whether there are
nonlinearities or threshold effects of temperature on birth outcomes.

7 For example, the Spanish Ministry of Ecological Change provided data on air pollution gathered by sta-
tions located in the major cities, but only since 2001. Moreover, the data set has several missing values,
preventing us from analyzing the entire sample of provincial capitals. Consequently, introducing this vari-
able in our analysis considerably and nonrandomly shrinks the total sample, making it incomparable with
the sample in our main analysis.

¥20z IMdy 2| uoisenb Aq ypd-ejuod|g9L//Ze9¥91/LE9L/S/6S/Pd-ajone/AydelBowap/woo lieyosaAis dnp//:dpy woly papeojumoq



1650 R. Conte Keivabu and M. Cozzani

In conclusion, this article offers at least two important lessons on the negative
effect of heat stress on birth outcomes that inform policy making. First, disadvan-
taged pregnant women waiting for a male newborn may be particularly susceptible
to climate conditions, and they should be advised against this risk. Second, given
the importance of birth outcomes for the well-being of the next generation, the SES
gradient in the effect of heat stress raises concerns about the possible climate change—
driven increase in socioeconomic inequalities in future decades. m
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