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Post-conception heat exposure
increases clinically unobserved
pregnancy losses

Tamas Hajdu'™ & Gabor Hajdu?

Evidence of the relationship between temperature during pregnancy and human embryo mortality

is limited. Most importantly, the literature lacks causal estimations and studies on early pregnancy
losses. Here, we estimate the impact of early pregnancy temperature exposure on the clinically
unobserved pregnancy loss rate. We use administrative data of clinically observed pregnancies from
more than three decades for Hungary. We apply an empirical approach that allows us to infer the
impact of temperature on the clinically unobserved pregnancy loss rate from the estimated effects on
the clinically observed conception rate. The results show that exposure to hot temperatures during
the first few weeks after the conception week increases the clinically unobserved pregnancy loss rate,
whereas exposure to colder temperatures seems to decrease it. Importantly, the temperature-induced
changes represent changes in the total number of pregnancy losses rather than a compositional
change between clinically observed and clinically unobserved pregnancy losses.

The Earth’s climate is rapidly warming. The projected changes have prompted numerous studies on the impact
temperature has on natural and human systems'=>. A large body of rapidly growing research focuses on the impact
of temperature and climate change on human mortality**>. Nevertheless, the evidence concerning the impacts
on embryo mortality is still limited. Most previous papers have investigated the relationship between ambient
temperature and the risk of late foetal death (stillbirth)'®-2?, while only a few studies have analysed the association
of temperature exposure with miscarriage risk?»**. One of the main shortcomings of these papers is the lack of
causal evidence. Furthermore, due to obvious data limitations, the largest share of pregnancy losses that occur
in the early period of pregnancy, namely, clinically unobserved pregnancy losses, are ignored.

Human embryo mortality between fertilization and birth is high. The most reliable estimations range from
40 to 67%%>%. Most of these pregnancy losses remain clinically unobserved. The share of conceptions lost before
clinical recognition is estimated to be between 20 and 60%>>?°. A primary cause of this sizeable uncertainty is
that embryo mortality from fertilization to implantation is undetectable by any technology. Furthermore, most
post-implantation losses occur before the pregnancy becomes clinically recognized. Many early embryo losses
are caused by genetic abnormalities*”?*, although environmental and behavioural factors may also play a role?.
As most pregnancy losses are clinically undetected, we also have to assess clinically unobserved pregnancy losses
to completely understand the impact of in utero temperature exposure on human embryo mortality.

Here, we analyse the impact of early pregnancy temperature exposure on the clinically unobserved preg-
nancy loss rate. Our empirical approach relies on two identification assumptions (for a formal discussion, see
Methods). The first assumption is that the total number of conceptions is the sum of conceptions that end in
clinically observed pregnancy outcomes and conceptions that end in clinically unobserved pregnancy losses. This
assumption holds, at least, in the developed countries. In Hungary, as in other developed countries, administra-
tive registers that cover clinically observed pregnancy outcomes are characterized by completeness. In addition, as
access to abortions was not seriously restricted even in the 1980s, illegal abortions (that are likely to be clinically
unobserved) are basically non-existent during our sample period*** Therefore, we can assume that pregnancies
ending in a clinically unobserved outcome completely consist of pregnancy losses before clinical recognition.
(We note that introducing illegal abortion does not invalidate the analysis and our conclusions. For the details,
see Methods.) The second assumption is that the total number of conceptions is not altered by post-conception
temperature exposure temperatures. In other words, future weather does not influence how many pregnancies
start today. In theory, behavioural changes in response to information on forthcoming weather can occur and
may influence the number of conceptions, which would violate this assumption. Although this is very unlikely
to be a considerable influencing factor, we directly rule out this possibility with robustness tests. In our sample
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period, even a 7-day forecast was far from a high degree of accuracy®. Building on the limited accuracy of
weather forecasts, we show that responses to weather forecasts do not drive the estimated relationship between
early pregnancy temperature exposure and the clinically unobserved pregnancy loss rate.

As post-conception temperature exposure is not able to change the total number of conceptions, if we observe
that post-conception temperature influences the number of conceptions that end in clinically observed pregnan-
cies, then it means that the number of clinically unobserved pregnancy losses is changed in the opposite direction.
In other words, the outcome of some conceptions has changed. That is, even though official statistics do not
contain any information on clinically unobserved pregnancy losses, from estimations using data of conceptions
ending in clinically observed pregnancies, we can infer the impact of early pregnancy temperature exposure on
the clinically unobserved pregnancy loss rate.

We use administrative data from Hungary with full coverage of the clinically observed pregnancies (concep-
tions) recorded by the country’s health care system. We estimate the impact of early pregnancy temperature expo-
sure (defined as a six-week-long period starting after the week of conception) on the conception rate calculated
from clinically observed pregnancies. The outcome variable of our study is the clinically observed conception
rate at the county-year-week level. This variable is defined as the number of clinically observed conceptions in a
given county per week per 100,000 women aged 16-44 years. Using the information of the last day of pregnancy
and pregnancy length, we estimate the date of conception for all pregnancies and identify the year and calendar
week of conception. The county of conception is determined by the residence of the mother. Weekly weather
data are matched to the conceptions according to the county of the mother’s residence.

To estimate the causal effect of early pregnancy temperature exposure on the observed conception rate, we
build on recent studies in the empirical climate economics literature®-#34-%¢. We exploit the random year-to-year
variation in the calendar-week-specific temperature exposure. Our model controls for county-specific shocks
at the year level, for differences in region-specific seasonality and its change over time. Intuitively, our model
estimates the temperature effects by comparing the clinically observed conception rates of the same calendar
week and county across years with warmer and cooler post-conception temperatures after accounting for any
county-by-year-specific changes in the observed conception rates and temporal trends in seasonality. We allow
for a nonlinear temperature-conception rate relationship by using eight temperature categories that represent
the number of days with different daily mean temperatures. The lowest category is < —5 °C and the highest is
>25 °C, and the intermediate categories are 5 °C wide. In the analysis, 15-20 °C serves as the reference category.
(Supplementary Table S1 provides summary statistics for our dependent variable and key temperature variables.)
We also control for early pregnancy precipitation, pre-conception weather, and the share of non-working days
around the conception week.

Our data cover more than 6.5 million pregnancies with conceptions occurring between 1981 and 2015,
including live births, miscarriages, stillbirths, and induced abortions, incorporated into 36,400 county-year-week
cells. We note again that the impact of the post-conception temperature exposure on the total conception rate
must be zero; therefore, the effects on the clinically observed and unobserved conception rates must cancel each
other out, which means that the impacts of temperature exposure on the clinically unobserved pregnancy loss
rate can be obtained by multiplying the estimated temperature coefficients by — 1. Further details of the data and
model can be found in the Methods section.

Results

We find that early pregnancy temperature exposure to an additional hot day (mean temperature >25 °C) increases
the clinically unobserved pregnancy loss rate by 0.22 pregnancy losses per 100,000 women aged 16-44 years,
compared with a day with a mean temperature of 15-20 °C (Table 1). The effects of exposure to days with tem-
peratures of 20-25 °C or 10-15 °C are basically identical to those of exposure to a day with a temperature of
15-20 °C. The coeflicients of colder temperature bins are negative, but some of them are not different from zero
at the 95% significance level, and the point estimate for the coldest temperature bin is especially close to zero. In
general, the impact of temperature exposure during the first 6 weeks of the pregnancy (excluding the conception
week) seems to be non-linear. Hot days increase the clinically unobserved pregnancy loss rate, whereas colder
days seem to decrease it, but the latter impacts are not particularly different from each other. Our findings are
in line with the results of other mammalian studies®”*.

We test the sensitivity of the results by additional model specifications: controlling for lagged values of
observed conception rates, applying different functional forms when accounting for changes in county-specific
seasonality, using different fixed effects, estimating an unweighted regression (Supplementary Table S2), applying
alternative clustering of the standard errors (Supplementary Table S3) and using 3 °C wide temperature categories
(Supplementary Table S4). The conclusion remains similar, but the effect of early pregnancy temperature exposure
seems to increase at temperatures above 25 °C. In addition, as placebo tests, the temperature and precipitation
variables are replaced with weather data that were measured exactly one or two years later. These estimations
further support the credibility of the baseline results (Supplementary Table S5).

Although the estimated coefficients show the impact of temperature exposure on the clinically unobserved
pregnancy loss rate (number of clinically unobserved pregnancy losses per week per 100,000 women aged
16-44 years), the calculation of the percentage impact is slightly more challenging. We should simply divide the
coefficients by the baseline rate of clinically unobserved pregnancy losses; however, its exact value is unknown.
The best available estimations suggest that 20-60% of conceptions are spontaneously lost before clinical
recognition®?¢, which can be used to calculate the baseline weekly rate (see Methods). Under the assumption
that 40% of conceptions are lost before clinical recognition, the average clinically unobserved pregnancy loss
rate is 115.2 per week per 100,000 women aged 16-44 years, which means that early pregnancy exposure to a day
with a mean temperature above 25 °C increases the clinically unobserved pregnancy loss rate by 0.20% (Fig. 1a)
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Daily mean temperature (°C) | Coeff | SE pvalue | 95% CI

below -5 -0.036 | (0.087) | 0.681 [-0.218;0.146]
~5t00 ~0.195 |(0.072) |0.013 | [~ 0.345; — 0.045]
Oto5 -0.088 | (0.062) |0.173 [-0.217; 0.042]
5to 10 -0.124 | (0.046) |0.015 [-0.220; - 0.027]
10to 15 0.016 (0.033) | 0.628 [-0.054; 0.087]
15 to 20 Ref. cat

20to 25 0.036 (0.045) | 0.437 [-0.059; 0.131]
over 25 0.225 (0.049) | 0.000 [0.122; 0.327]

Table 1. Impact of early pregnancy temperature exposure on the clinically unobserved pregnancy loss

rate. The coefficients show the impact of early pregnancy temperature exposure by temperature category.

The coefficients represent the effect of one additional day with a given mean temperature on the clinically
unobserved pregnancy loss rate relative to a day with a mean temperature of 15-20 °C. The early pregnancy
period is defined as a six-week-long period starting after the week of conception. The estimations come from
Eq. (9). The outcome variable is the clinically observed conception rate per week per 100,000 women aged
16-44 years, which is calculated using conceptions that end in clinically observed pregnancy outcomes. The
impacts of temperature exposure on the clinically unobserved pregnancy loss rate are obtained by multiplying
the estimated temperature coefficients by — 1. The model has county-by-year fixed effects, region-by-calendar-
week fixed effects, and region-by-calendar-week-specific quadratic time trends. Precipitation, pre-conception
weather, and the share of non-working days are controlled for. We weight by the counties’ average female
population size (aged 16-44 years) between 1981 and 2015. Standard errors are clustered by county and time.

b 0.8

0.6
0.4+

0.2+

Percentage impact

0.0

-0.2

0.4

20%

30% 40% 50% 60% 2 3 4 5 6
Share of conceptions ending in Weeks after the conception week

—_

clinically unobserved pregnancy losses

Figure 1. Percentage impact of early pregnancy exposure to a day with a mean temperature above 25 °C on
the clinically unobserved pregnancy loss rate. (a) The percentage impact of early pregnancy exposure to an
additional day with a mean temperature above 25 °C on the clinically unobserved pregnancy loss rate (relative
to a day with a mean temperature of 15-20 °C) assuming different values for the share of conceptions that

are spontaneously lost before clinical recognition. The early pregnancy period is defined as a six-week-long
period starting after the week of conception. (b) The percentage impact of exposure to an additional day with
a mean temperature above 25 °C on the clinically unobserved pregnancy loss rate by pregnancy week. For this
calculation, we assume that 40% of conceptions are lost before clinical recognition. Under this assumption, the
baseline weekly rate of clinically unobserved pregnancy losses is 115.2 (per 100,000 women aged 16-44 years).
The shaded area and the error bars represent 95% confidence intervals. The estimates come from Egs. (9) and
(13), whereas the percentage impacts are calculated by Eq. (11). The impacts on the clinically unobserved
pregnancy loss rate are inferred from regressions with the clinically observed conception rate as the outcome
variable. The clinically observed conception rate is calculated using conceptions that end in clinically observed
pregnancy outcomes, and it is defined as the number of conceptions per week per 100,000 women aged

16-44 years. The model has county-by-year fixed effects, region-by-calendar-week fixed effects, and region-by-
calendar-week-specific quadratic time trends. Precipitation, pre-conception weather, and the share of non-
working days are controlled for. We weight by the counties’ average female population size (aged 16-44 years)
between 1981 and 2015. Standard errors are clustered by county and time.
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Figure 2. Percentage impact of early pregnancy temperature exposure on the clinically unobserved pregnancy
loss rate. The percentage impact of early pregnancy exposure to one additional day with different mean
temperatures on the clinically unobserved pregnancy loss rate (relative to a day with a mean temperature of
15-20 °C) assuming that 40% of conceptions are lost before clinical recognition. The early pregnancy period

is defined as a six-week-long period starting after the week of conception. The shaded area and the error bars
represent 95% confidence intervals. The estimates come from Eq. (9), whereas the percentage impacts are
calculated by Eq. (11). See notes to Fig. 1 for details on the estimated model.

relative to exposure to a day in the 15-20 °C temperature bin. Assuming a 20% share, the percentage impact
is 0.52%, whereas assuming a 60% share, it is 0.09%. For the colder temperature bins (below 10 °C), under the
assumption that 40% of conceptions are lost before clinical recognition, the estimated percentage impacts vary
around —0.10% (Fig. 2).

To rule out that behavioural changes in response to weather forecast influence the number of conceptions
and drive our results, we estimate a regression in which the first week of the pregnancy is excluded from the
main temperature and precipitation variables. That is, we focus on the period between the second and sixth
weeks of the pregnancy. As the accuracy of (long-term) weather forecasts were limited in our sample period®, if
the temperature coefficients remain generally unchanged in this setting, then we can conclude that response to
forthcoming weather is not an important factor in the relationship between early pregnancy temperature expo-
sure and the clinically unobserved pregnancy loss rate. As expected, the results are very similar to the baseline
estimation (Supplementary Table S6).

Next, we examine which pregnancy week in the early pregnancy period is the most sensitive to exposure to a
hot ambient temperature. In this analysis, we use weekly temperature variables instead of aggregated ones. The
results are presented as the percentage impact of temperature exposure on the clinically unobserved pregnancy
loss rate, assuming that 40% of conceptions are lost before clinical recognition (Fig. 1b). (Results under differ-
ent assumptions on the share of unobserved pregnancy losses are shown in Supplementary Fig. S1). We find
that exposure to a hot day has the largest impact in the first two weeks after the conception week. The clinically
unobserved pregnancy loss rate is increased by 0.24% due to exposure to a hot day in the first week after the
conception week and by 0.41% due to exposure to a hot day in the second week. The impacts of exposure to a
hot day after the second week start to decrease, approaching zero. This pattern is exactly what we expect, as the
likelihood that a pregnancy loss remains clinically unobserved should decrease with the length of the pregnancy.
Extending the exposure period up to the eighth week gives similar results (Supplementary Fig. S2). The estimated
impacts for weeks 7 and 8 are practically zero, which supports the validity of the interpretation of our findings.

Finally, it is interesting to examine whether exposure to hot weather increases the clinically unobserved
pregnancy loss rate because it simply shifts forward the date of some pregnancy losses that would be recorded
as clinically observed pregnancy losses without the heat exposure (but becomes clinically unobserved due to
exposure to high temperature), or the estimated increase represents a “net” growth in pregnancy losses. To check
this hypothesis, we run a regression in which the dependent variable is the conception rate calculated from
pregnancies resulting in clinically observed spontaneous foetal losses (miscarriages and stillbirths). As we find
temperature coeflicients close to zero (Supplementary Table S7), we can conclude that early pregnancy exposure
to hot temperature causes an increase in the total number of pregnancies ending in pregnancy loss.

Discussion

Using administrative data and applying a novel empirical approach, we provide evidence that exposure to hot
temperatures during the first few weeks of pregnancy increases the clinically unobserved pregnancy loss rate.
This increase in the clinically unobserved pregnancy loss rate means a “net” increase in total pregnancy losses
rather than a compositional change between clinically observed and clinically unobserved pregnancy losses.
In other words, early pregnancy exposure to hot temperatures decreases the chance that a pregnancy ends in a
clinically observed outcome (live birth, induced abortion, miscarriage/stillbirth) and increases the chance of an
early (clinically unobserved) embryo loss.
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We find that each additional > 25 °C day during the early pregnancy period causes an increase of 0.22 preg-
nancy losses in the clinically unobserved pregnancy loss rate, which reflects an increase of 0.09% to 0.52%,
depending on the assumption regarding the share of conceptions that are lost before clinical recognition. The
impacts are especially high during the first few weeks after the conception week, whereas they become practically
zero after the sixth week, which is in line with the fact that the longer the pregnancy is, the higher the likelihood
of clinical recognition.

Most previous papers have examined the association between ambient temperature and stillbirths, which is
typically defined as foetal death after the 20th/28th pregnancy week and constitutes a very small fraction of preg-
nancy losses. They analysed the impacts during different periods of pregnancy. Therefore, a direct comparison
of our estimations with these studies is difficult. While previous studies have found that temperature during the
later periods of the pregnancy is associated with late foetal losses, our study provides the first estimate of a causal
relationship between early pregnancy temperature exposure and the clinically unobserved pregnancy loss rate
that covers the majority of pregnancy losses.

This paper provides important implications for the wider literature as well. Our estimations provide evidence
that early pregnancy temperature exposure changes the composition of foetuses that survive to live birth (“cull-
ing” effect). Therefore, the subsequent birth cohort represents a selected sample of conceptions. The selection
is unlikely to be random, but it is likely to remove foetuses with below-average health*>-*%. Several papers have
aimed to estimate the “scarring” effect of in-utero temperature exposure on health at birth and found that expo-
sure to heat reduces birth weight. Our results imply that these estimations are very likely to be biased towards
the opposite direction (biased upwards) due to selection in utero. Estimations of the impacts of temperature
exposure during early pregnancy should be especially affected. Indeed, the most reliable estimates show that the
effect of first trimester exposure to a hot temperature on birth weight is much weaker than the effect of exposure
to a hot temperature during the second and third trimesters*>-*", which is consistent with a selection-induced
upward bias, although other factors may also play a role. More importantly, our empirical approach offers a
tool that can be used for the estimation of a corrected scarring effect. Calculating the conception rate based on
pregnancies ending in live births and regressing it on the post-conception exposure yields an estimation of the
extent of the culling effect. With a further assumption of the average difference between the birth weight of the
observed new-borns and the birth weight of the “culled” foetuses, a bias-corrected estimation of the scarring
effect can be obtained.

Some limitations of this study should be mentioned. First, the data we used do not allow us to identify and
understand the mechanisms through which temperature influences early pregnancy losses. Second, the accu-
racy of the conceptions rates might be affected by residential mobility during pregnancy and the estimation of
the date of conception, albeit the influence of these factors is likely to be limited. From a European perspec-
tive, residential mobility in Hungary is low*®, and a large fraction of residential migrations occurs over a short
distance®, therefore, for most women, the county of residence at the end of pregnancy is identical to the county
of residence during pregnancy. Although the estimated date of conception is very likely to be biased for many
pregnancies, this bias is unlikely to seriously affect the conception rates. For most pregnancies, a small bias (few
days) does not change the (estimated) week of conception. In addition, the number of conceptions that is added
to and subtracted from a given week due to the inaccuracy of the conception dates are likely to be roughly equal,
therefore the estimated and actual conception rates should not be too different from each other. Furthermore,
if the bias is statistically independent of the explanatory variables, our estimations are still unbiased, but the
precision is reduced™. Finally, we note that our results are based on data from Hungary and cannot necessarily be
generalized to other countries. In addition, future adaptation could mitigate the impacts of temperature exposure
on early pregnancy losses. More research is needed to analyse the role of adaptation and how early pregnancy
temperature exposure affect clinically unobserved pregnancy losses in other parts of the world.

Methods

Clinically observed conceptions. Clinically observed conceptions are conceptions that end in clinically
observed pregnancy outcomes, whereas clinically unobserved conceptions are conceptions that end in clini-
cally unobserved pregnancy losses. To calculate clinically observed conception rates, we use the administrative
registers of the Hungarian Central Statistical Office. These registry data cover all clinically observed pregnancies
(conceptions) that ended in a live birth, miscarriage, stillbirth or induced abortions between 1981 and 2016 in
Hungary. We accessed the de-identified datasets in the secure data environment of the HCSO after an accredita-
tion process.

We estimate the date of conception for all pregnancies using information of the date of birth/abortion/preg-
nancy loss (LD) and gestation length (GL). First, we estimate the first day of the last menses. In the administrative
data we use, gestation length (for all type of pregnancies) is calculated from the first day of the last menses, which
is self-reported by the woman, however, is excluded from the datasets. Gestation length is available in completed
weeks. We estimate the beginning of the menstrual cycle as follows:

M =LD— (GL x 7 + 3) (1)

where M is the first day of the last menses, LD is the last day of the pregnancy, and GL is gestation length
(reported in completed weeks). Because GL is recorded in completed weeks, the actual gestational age is 0-6 days
longer than the reported one. Therefore, we calculate M by adding 3 days to the reported pregnancy length (GL).

In the second step, we estimate the date of conception based on M. As conception (fertilization) occurs
within hours after ovulation®"*? and the day of ovulation is most likely to be between the 11th and 19th day of
the menstrual cycle’">*=, we assume that conceptions occur on the 15th day:
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FD=M + 14 (2)

where FD is the first day of the pregnancy (conception day), and M is the first day of the last menses.

Based on the estimated conception dates, we calculate clinically observed conception rates at the county-
year-week level defined as the number of clinically observed conceptions per week per 100,000 women aged
16-44 years. We divide each year into 52 weeks, which means that the last week is 8 days long (except in leap
years when it lasts 9 days). The county of conception (pregnancy) is defined by the place of residence of the
mother (at the end of pregnancy). Budapest, the capital of Hungary, is a separate administrative unit; therefore,
it is considered to be an individual county (in accordance with the NUTS, Nomenclature of Territorial Units for
Statistics, classification system). The number of women aged 16-44 years (at the beginning of the year) for every
county comes from the Hungarian Central Statistical Office. These population figures are assigned to the first
week of the year, and the unobserved county-week figures are estimated by linear interpolation between the years.

Pregnancies with missing information on gestational age or on the exact day of the end of the pregnancy are
excluded, as well as pregnancies with non-Hungarian or unknown places of residence (less than 1% of all clini-
cally observed pregnancies in total). Our final sample covers 6,544,519 clinically observed pregnancies (3,722,068
live births, 2,228,219 induced abortions, and 594,232 spontaneous foetal deaths) with conception days estimated
to be between 1981 and 2015.

Finally, we note that the estimated conception date of a given pregnancy might be a biased estimation of the
actual conception date, but the bias affects our conception rates if, and only if, it changes the (estimated) week
of the conceptions. As we calculate conception rates at the week level, for most pregnancies, a small bias (a cou-
ple of days) in the estimated conception date does not change the (estimated) week of conception In addition,
although some conceptions might be incorrectly assigned to given conception week (lets label it conception week
“A”)—falsely increasing the number of conceptions in conception week “A” -, others might be incorrectly assigned
to the previous or next weeks (falsely decreasing the number of conceptions in conception week “A”). The net
impact of these biases on the conception rates is much lower than the total number of the biased categorizations
would suggest. Importantly, if the bias is random, the estimated impacts of temperature exposure are unbiased,
albeit they are measured with less accuracy™.

Weather data. We use weather data from the E-OBS 20.0e dataset of the European Climate Assessment
& Dataset project””, which provides daily weather measures for Europe with a spacing of 0.1°x0.1° in regular
latitude/longitude coordinates from 1950 to 2019. The dataset includes information on the maximum, minimum
and mean temperatures and precipitation. We create eight binary temperature variables based on the mean tem-
perature (below —5°C,-5t0 0°C,0to 5°C, 5to 10 °C, 10 to 5 °C, 15 to 20 °C, 20 to 25 °C, over 25 °C) and five
precipitation variables indicating the amount of daily precipitation (0 mm, 0-3 mm, 3-5 mm, 5-10 mm, over
10 mm) to describe the daily weather conditions at the grid points within Hungary. Next, to preserve the vari-
ation in temperature, we average the new temperature and precipitation variables for each day over grid points
within the twenty counties of Hungary (including Budapest).

Finally, we construct weekly level measures from the daily data by summing the variables over the weeks
for each county. Accordingly, eight temperature variables show the number of days in a given week and given
county when the daily mean temperature falls in a certain temperature bin (below —5°C, -5t0 0 °C,0to 5 °C,
510 10 °C, 10 to 15 °C, 15 to 20 °C, 20 to 25 °C, over 25 °C), and five precipitation variables show the number
of days when the amount of daily precipitation falls in a certain precipitation bin (0 mm, 0-3 mm, 3-5 mm,
5-10 mm, over 10 mm).

The weather data are matched to the conceptions by the county of the mother’s residence (at the end of
pregnancy).

Identification assumptions. Our analysis relies on two identification assumptions. First, the total number
of conceptions (C) occurring at time ¢ is the sum of conceptions that end in clinically observed pregnancy out-
comes (C°) and conceptions that end in clinically unobserved pregnancy losses (C%):

Ci=CP+Ct (3)

The second assumption is that the total number of conceptions are not altered by temperatures in the post-
conception period. In other words, future weather does not influence how many pregnancies start today:

(CTi+i=1) = (G|Ty+i=0) =0 (4)

where T is an indicator function that shows, e.g. the occurrence of unusually cold/hot temperature at time ¢+,
i=1,2,..., 0.

Although, under this assumption, the post-conception temperature is not able to change the total number of
conceptions that have already occurred, it can change the outcome of some pregnancies. Thus, post-conception
temperature exposure can “influence” both the (a posteriori estimated) number of conceptions that end in clini-
cally observed pregnancy outcomes and the (a posteriori estimated) number of conceptions that end in clinically
unobserved pregnancy losses. However, these changes have to cancel each other out so that the total impact
equals to zero. Substituting the right-hand side of Eq. (3) into Eq. (4) and rearranging, we have:

(€O = 1) = (COTess = 0)] + [(CHTesi = 1) — (CHTes =0)] =0 6
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It means that although the impact of early pregnancy temperature exposure on clinically unobserved preg-
nancy losses cannot be directly estimated, it can be obtained by multiplying the estimated impact on clinically
observed conceptions by — 1. To see this, we can rearrange Eq. (5) as follows:

[(CEITesi = 1) — (CHITi41 = 0)] = =1 x [(CO|Tesi = 1) — (CO[Tesi = 0)] (6)

The term in the square bracket in the right-hand side of Eq. (6) shows how post-conception temperature
exposure influences the (a posteriori estimated) number of conceptions that end in clinically observed preg-
nancy outcomes. It can be estimated and empirically analysed. Although the left-hand side of Eq. (6) cannot
be directly observed, it can be derived from the impacts on the conceptions that end in clinically observed
pregnancy outcomes.

It is important to note that both identification assumptions can be questioned. First, most illegal abortions
are clinically unobserved, and therefore they are not covered by the administrative datasets. Thus, if the inci-
dence of illegal abortion is not zero, Eq. (3) does not hold. However, in Hungary, administrative registers that
cover clinically observed pregnancy outcomes (live births, induced abortions, miscarriages, and stillbirths) are
characterized by completeness. In addition, as access to abortions was not seriously restricted even in the 1980s,
illegal abortion is practically negligible, non-existent®*%. Therefore, it is reasonable to assume that pregnancies
ending in a clinically unobserved outcome completely consist of pregnancy losses before clinical recognition.
Importantly, introducing illegal abortion as another type of clinically unobserved conceptions does not invali-
date our analysis. In this case, the total number of conceptions is the sum of conceptions that end in clinically
observed pregnancy outcomes, conceptions that end in clinically unobserved pregnancy losses and conceptions
that end in illegal abortions. Accordingly, Eq. (3) can be rewritten as:

Ci=CP+4cCl+ch 7)

where C is the total number of conceptions, C° is the number of conceptions that end in clinically observed preg-
nancy outcomes, C" is the number of conceptions that end in clinically unobserved pregnancy losses, whereas CA
is the number of conceptions that end in (clinically unobserved) illegal abortions. Note that Eq. (6) still holds if
the number of conceptions that end in illegal abortions is unaffected by post-conception temperature exposure.
In other words, post-conception temperature exposure does not influence the share of clinically unobserved
abortions, which is not a very strong assumption:

(CHTeri=1) = (CMTesi =0) =0 (8)

If Eq. (8) holds, plugging Eq. (7) into Eq. (4) gives back to Eq. (5). Therefore, from an estimation using data
of clinically observed conceptions, we can infer the impact of early pregnancy temperature exposure on the
clinically unobserved pregnancy loss rate. Finally, we note that if Eq. (8) would be violated and a significant part
of the estimated temperature-induced changes in the number of clinically observed conceptions (see Table 1)
is due to changes in the number of (clinically unobserved) illegal abortions, then either the number of illegal
abortions should be enormously high (compared to the number of legal abortions) or the post-conception
temperature impact on conceptions ending in illegal abortions should be extremely powerful (in a percentage
term). Both are basically impossible and contradicts the known facts**2. Accordingly, even if Eq. (8) is violated,
the temperature-induced changes in the number of illegal abortions should be close to zero. Therefore, our indi-
rect approach of estimating the impact of early pregnancy temperature exposure on the clinically unobserved
pregnancy loss rate is still basically valid.

Regarding the second assumption, one can argue that behavioural changes in response to information on
forthcoming temperatures may influence the number of conceptions, which could violate Eq. (4). In this case,
the impacts of early pregnancy temperature exposure on the clinically unobserved pregnancy loss rate cannot
be inferred from the estimations using data of clinically observed pregnancies. However, in our sample period,
even a 7-day forecast was far from a high degree of accuracy, albeit weather forecasts have improved rapidly in
the last few decades®. Building on the limited accuracy of (long-term) weather forecasts, we can test whether
responses to information on forthcoming weather could drive the estimated relationship between early pregnancy
temperature exposure and the clinically unobserved pregnancy loss rate or not. For the details of this analysis,
see the Empirical methods section.

Empirical methods. We model the relationship between early pregnancy temperature and the clinically
observed conception rate at the county-week level. We estimate the following equation via ordinary least squares:

6 6
Y= B> Thn+ D VD Py + X+ 0y + ey + hew X (t+ ) + e )
i =l k=1

where Y is the clinically observed conception rate in county c at time ¢ (year y, calendar week w). T is a vector of
weekly level temperature variables indicating the number of days when the daily mean temperatures are: below
-5°C,-5t00°C,0to5°C,5to 10 °C, 10 to 15 °C, 15 to 20 °C, 20 to 25 °C, or above 25 °C (these categories
are indicated by j). In the analysis, the temperature bin of 15-20 °C is the omitted category. For the baseline
estimation, we use temperature variables that show the distribution of the daily mean temperature during the
first six weeks of the pregnancy (excluding the week of conception) for conceptions started at time ¢ in county c.
Namely, the temperature variables entered in the regression are the total exposures from week ¢+ 1 to week ¢+ 6.
P is a vector of precipitation controls that shows the number of days when the amount of daily precipitation falls
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in precipitation bin k (0-3 mm, 3-5 mm, 5-10 mm, over 10 mm). The omitted category is the number of days
without precipitation. X is a vector of control variables and includes the lagged weekly level temperature and
precipitation variables, as observed conception rates could be affected by pre-conception weather via changes
in sexual behaviour or reproductive health®*-%° and post-conception weather might be correlated with pre-
conception weather. We control for weather in the week of conception and the previous five weeks (separately
for each week). Importantly, our large sample sizes allow us to control the independent effects of pre- and post-
conception temperatures. X also includes the share of weekend days and holidays that fall on weekdays in the
conception week and in the previous week, as they can help to improve the precision of the estimation. Although
these weekend days and holidays are uncorrelated with temperature, sexual activity is reported to be driven by
holidays and cultural/religious celebrations®.

County-by-year fixed effects (n,) control for county-specific shocks in a given year. Region-by-calendar-
week fixed effects (w,,,) account for seasonal differences in observed conception rates across larger regions of
Hungary. We also allow region-specific seasonality to change over time by adding region-by-calendar-week-
specific quadratic time trends (A,,). In summary, the effect of temperature on the conception rates calculated
from clinically observed pregnancies is identified from the inter-annual variation in the calendar-week-specific
temperature exposure after adjusting for differences in region-specific seasonality and its change over time, as
well as for county-specific shocks to conception rate at the year level. Regressions are weighted by the counties’
average female population size (aged 16-44) between 1981 and 2015. Standard errors are clustered by county
and time (two-way clustering).

The impact of temperature exposure is captured by the p coefficient in Eq. (9), which shows the effect of one
additional day when the daily mean temperature falls into temperature bin j on the observed conception rate
(relative to a day with a mean temperature of 15-20 °C). As noted earlier, temperature exposure during the early
stage of pregnancy cannot influence the total conception rate (the sum of the observed and the unobserved con-
ception rates); therefore, — 3 shows the impact of temperature exposure on the clinically unobserved pregnancy
loss rate. Although in this way we obtain an estimation of the impact on the clinically unobserved pregnancy
loss rate (number of clinically unobserved pregnancy loss per week per 100,000 women aged 16-44 years), the
main difficulty is the calculation of the percentage impact. We should simply divide the — coefficients by the
baseline clinically unobserved pregnancy loss rate; however, the baseline rate is unknown. The best available
estimations suggest that 20-60% of conceptions are spontaneously lost before clinical recognition®**. We can
use these estimations to calculate a baseline weekly rate of clinically unobserved pregnancy losses:

CR®
(I—5)

where FLR" is the clinically unobserved pregnancy loss rate, CR° is the clinically observed conception rate (the
average rate in our sample; 172.75), and s is the share of conceptions that are spontaneously lost before clinical
recognition. We choose 40% as the default value of s, but we provide our results over the whole 20-60% range.
Next, Eq. (10) can be used for the calculation of percentage impact of temperature exposure on clinically unob-
served pregnancy loss rate:

FLR" = s x

(10)

b = =
u CR° (11)
FLR $X 1oy

—b —B

where b is the estimated percentage impact of temperature exposure on the clinically unobserved pregnancy loss
rate under the assumption that the share of conceptions that are spontaneously lost before clinical recognition is s.

We note that the effect of early pregnancy temperature exposure on clinically unobserved pregnancy losses
might be slightly underestimated by our empirical approach because the impacts of the very first few days in the
week of conception are excluded. We do not consider the week of conception as a part of the early pregnancy
period because we want to rule out that any impacts of temperature exposure on changes in pre-conception
factors (e.g., sexual behaviour or reproductive health) influence our estimates.

As discussed above, behavioural changes in response to weather forecast may influence the number of concep-
tions, which would be a violation of our second identification assumption. Building on the limited accuracy of
(long-term) weather forecasts®, we can test this possibility. We rewrite Eq. (9) and exclude temperature in week
t+1 from the main right-hand side variables. Thus, they measure the total exposures from week t+2 to week
t+6. We note that weather variables of week f+ 1 are controlled for, as they can be correlated with weathers in
the later weeks. If behavioural changes due to information from weather forecasts drive the relationship between
early pregnancy temperature exposure and the clinically unobserved pregnancy loss rate, then the  coefficients
should be substantially different from those estimated in Eq. (9). Formally, we estimate the following equation:

6 6
j J k k jr kpk
Yo=Y BD Tian t VD Plern+ 0 OTan D8 Ps
j i=2 k i=2 j k

+1X¢ + Orw + Ney + Anw X (t+ ) + ect

(12)

We also examine which pregnancy week is the most sensitive to temperature exposure. In this exercise, instead
of the aggregated weather variables, we use the weekly values:
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We note that—like Eq. (12)-Eq. (13) also helps to rule out the potential bias arising from the influence of
weather forecasts. In that estimation, insignificant and close to zero temperature coeflicients after the second
week may generate concerns about our interpretations of the estimations. In contrast, significant coefficients
can rule out the influence of weather forecasts.

To test the sensitivity of the baseline results, we estimate additional model specifications. We include lagged
values of the clinically observed conception rate (up to 10 weeks). We estimate our model by including region-
by-week-specific linear or cubic time trends instead of the baseline region-by-week-specific quadratic time
trends, changing the fixed effects, and applying alternative clustering of the standard errors. We also estimate
an unweighted regression, and a specification using 3 °C wide temperature categories (<-6 °C, -6 to -3 °C, ...,
241027 °C, >27 °C).

Furthermore, as placebo checks, the temperature and precipitation variables in the baseline model are replaced
with weather data that were measured exactly one or two years later. Because clinically unobserved pregnancy
loss rates could not have been affected by temperature in the distant future, zero or close to zero coeflicients
should be observed in the placebo regressions if our identification strategy is valid.

Ethical approval. No ethical approval and consent from participants were needed for this study because it
is based on secondary analysis of the administrative data obtained from the Hungarian Central Statistical Office
(HCSO). The study uses completely anonymized administrative data (vital statistics: live birth, induced abortion,
and foetal loss registers) with no identifiable information. We accessed the de-identified datasets in the secure
data environment of the HCSO after an accreditation process. All researchers were required to sign a contract
and a confidentiality commitment.

Data availability

All data and code necessary for replication of the results in this paper are available for download at https://figsh
are.com/s/c8c27b1b54cdOacebeld. The original weather data can be downloaded from: https://www.ecad.eu//
download/ensembles/download.php. Clinically observed conception data has been produced using the live
birth, induced abortion, and foetal loss registers of the Hungarian Central Statistical Office (HCSO). The de-
identified microdata sets are available only for research purposes in a secure data environment (HCSO-CERS
research room).

Received: 12 June 2020; Accepted: 7 January 2021
Published online: 21 January 2021

References
1. Carleton, T. A. & Hsiang, S. M. Social and economic impacts of climate. Science 353, aad9837 (2016).
2. Mora, C. et al. Broad threat to humanity from cumulative climate hazards intensified by greenhouse gas emissions. Nat. Clim.
Change 8, 1062-1071 (2018).
3. Scheffers, B. R. et al. The broad footprint of climate change from genes to biomes to people. Science 354, aaf7671 (2016).
4. Astrém, D. O., Forsberg, B., Ebi, K. L. & Rocklov, J. Attributing mortality from extreme temperatures to climate change in Stock-
holm, Sweden . Nat. Clim. Change 3, 10501054 (2013).
5. Barreca, A, Clay, K., Deschenes, O., Greenstone, M. & Shapiro, J. S. Adapting to climate change: The remarkable decline in the US
temperature-mortality relationship over the twentieth century. J. Polit. Econ. 124, 105-159 (2016).
. Burke, M. et al. Higher temperatures increase suicide rates in the United States and Mexico. Nat. Clim. Change 8, 723-729 (2018).
7. Deschénes, O. & Greenstone, M. Climate change, mortality, and adaptation: Evidence from annual fluctuations in weather in the
US. Am. Econ. J. Appl. Econ. 3, 152-185 (2011).
8. Deschénes, O. & Moretti, E. Extreme weather events, mortality, and migration. Rev. Econ. Stat. 91, 659-681 (2009).
9. Gasparrini, A. et al. Mortality risk attributable to high and low ambient temperature: A multicountry observational study. The
Lancet 386, 369-375 (2015).
10. Guo, Y. et al. Global variation in the effects of ambient temperature on mortality: A systematic evaluation. Epidemiology 25,781-789
(2014).
11. Huber, V. et al. Temperature-related excess mortality in German cities at 2 °C and higher degrees of global warming. Environ. Res.
186, 109447 (2020).
12. de Ferreira, L. C. M. et al. Ambient temperature and mortality due to acute myocardial infarction in Brazil: An ecological study
of time-series analyses. Sci. Rep. 9, 13790 (2019).
13. Li, T., Horton, R. M. & Kinney, P. L. Projections of seasonal patterns in temperature-related deaths for Manhattan, New York. Nat.
Clim. Change 3, 717-721 (2013).
14. Mazdiyasni, O. et al. Increasing probability of mortality during Indian heat waves. Sci. Adv. 3, 1700066 (2017).
15. Otrachshenko, V., Popova, O. & Solomin, P. Health consequences of the Russian weather. Ecol. Econ. 132, 290-306 (2017).
16. Auger, N, Fraser, W. D., Smargiassi, A., Bilodeau-Bertrand, M. & Kosatsky, T. Elevated outdoor temperatures and risk of stillbirth.
Int. J. Epidemiol. 46, 200-208 (2016).
17. Basu, R,, Sarovar, V. & Malig, B. J. Association between high ambient temperature and risk of stillbirth in California. Am. J. Epi-
demiol. 183, 894-901 (2016).
18. Bruckner, T. A., Modin, B. & Végerd, D. Cold ambient temperature in utero and birth outcomes in Uppsala, Sweden, 1915-1929.
Ann. Epidemiol. 24, 116-121 (2014).
19. Ha, S. et al. Ambient temperature and stillbirth: A multi-center retrospective cohort study. Environ. Health Perspect. 125, 66 (2017).
20. Li, S., Chen, G., Jaakkola, J. J. K., Williams, G. & Guo, Y. Temporal change in the impacts of ambient temperature on preterm birth
and stillbirth: Brisbane, 1994-2013. Sci. Total Environ. 634, 579-585 (2018).
21. Rammabh, A. et al. Temperature, placental abruption and stillbirth. Environ. Int. 131, 105067 (2019).
22. Strand, L. B., Barnett, A. G. & Tong, S. Maternal exposure to ambient temperature and the risks of preterm birth and stillbirth in
Brisbane Australia. Am. J. Epidemiol. 175, 99-107 (2012).

(=2}

Scientific Reports |

(2021) 11:1987 | https://doi.org/10.1038/s41598-021-81496-x nature research


https://figshare.com/s/c8c27b1b54cd0acebe1d
https://figshare.com/s/c8c27b1b54cd0acebe1d
https://www.ecad.eu//download/ensembles/download.php
https://www.ecad.eu//download/ensembles/download.php

www.nature.com/scientificreports/

23.

24.

25.
26.

27.
. Simpson, J. L. Causes of fetal wastage. Clin. Obstet. Gynecol. 50, 10-30 (2007).
29.

30.

Asamoah, B, Kjellstrom, T. & Ostergren, P.-O. Is ambient heat exposure levels associated with miscarriage or stillbirths in hot
regions? A cross-sectional study using survey data from the Ghana Maternal Health Survey 2007. Int. J. Biometeorol. 62, 319-330
(2018).

Sun, X. et al. Associations of ambient temperature exposure during pregnancy with the risk of miscarriage and the modification
effects of greenness in Guangdong. China. Sci. Total Environ. 702, 134988 (2020).

Jarvis, G. E. Estimating limits for natural human embryo mortality. FI000Res 5, 2083 (2016).

Wilcox, A. J., Harmon, Q., Doody, K., Wolf, D. P. & Adashi, E. Y. Preimplantation loss of fertilized human ova: Estimating the
unobservable. Hum. Reprod. 35, 743-750 (2020).

Norwitz, E. R., Schust, D. J. & Fisher, S. J. Implantation and the survival of early pregnancy. N. Engl. J. Med. 345, 1400-1408 (2001).

Larsen, E. C., Christiansen, O. B., Kolte, A. M. & Macklon, N. New insights into mechanisms behind miscarriage. BMC Med. 11,
154 (2013).
Regan, L. & Rai, R. Epidemiology and the medical causes of miscarriage. Best Pract. Res. Clin. Obstet. Gynaecol. 14, 839-854 (2000).

31. Pinter, B. et al. Accessibility and availability of abortion in six European countries. Eur. J. Contracep. Reprod. Health Care 10, 51-58
(2005).

32. Henshaw, S. K. Induced abortion: A world review, 1990. Fam. Plann. Perspect. 22, 76-89 (1990).

33. Bauer, P, Thorpe, A. & Brunet, G. The quiet revolution of numerical weather prediction. Nature 525, 47-55 (2015).

34. Barreca, A, Deschenes, O. & Guldi, M. Maybe next month? Temperature shocks and dynamic adjustments in birth rates. Demog-
raphy 55, 1269-1293 (2018).

35. Barreca, A. & Schaller, J. The impact of high ambient temperatures on delivery timing and gestational lengths. Nat. Clim. Change
10, 77-82 (2020).

36. Dell, M., Jones, B. E & Olken, B. A. What do we learn from the weather? The new climate-economy literature. J. Econ. Liter. 52,
740-798 (2014).

37. Dutt, R. H. Critical period for early embryo mortality in ewes exposed to high ambient temperature. J. Anim. Sci. 22, 713-719
(1963).

38. Edwards, M. J., Saunders, R. D. & Shiota, K. Effects of heat on embryos and foetuses. Int. J. Hyperth. 19, 295-324 (2003).

39. Romo-Barron, C. B. et al. Impact of heat stress on the reproductive performance and physiology of ewes: A systematic review and
meta-analyses. Int. J. Biometeorol. 63, 949-962 (2019).

40. Putney, D. J., Drost, M. & Thatcher, W. W. Embryonic development in superovulated dairy cattle exposed to elevated ambient
temperatures between Days 1 to 7 post insemination. Theriogenology 30, 195-209 (1988).

41. Ulberg, L. C. & Burfening, P. J. Embyro death resulting from adverse environment on spermatozoa or ova. J. Anim. Sci. 26, 571-577
(1967).

42. Almond, D. & Currie, J. Killing me softly: The fetal origins hypothesis. J. Econ. Perspect. 25, 153-172 (2011).

43. Bruckner, T. A. & Catalano, R. Selection in utero and population health: Theory and typology of research. SSM Popul. Health 5,
101-113 (2018).

44. Catalano, R. et al. Selection against small males in utero: A test of the Wells hypothesis. Hum. Reprod. 27, 1202-1208 (2012).

45. Deschénes, O., Greenstone, M. & Guryan, J. Climate change and birth weight. Am. Econ. Rev. 99, 211-217 (2009).

46. Hajdu, T. & Hajdu, G. Temperature, climate change and birth weight: Evidence from Hungary. CERS-IE Working Papers 2020/32
(2020).

47. Sun, S. et al. Ambient temperature and markers of fetal growth: A retrospective observational study of 29 million U.S. singleton
births. Environ. Health Perspect. 127, 067005 (2019).

48. https://appsso.eurostat.ec.europa.eu/nui/show.do?dataset=ilc_hcmp05&lang=en.

49. Balint, L. & Obé4dovics, C. Internal migration. in Demographic Portrait of Hungary 2018 (eds. Monostori, J., Ori, P. & Spéder, Z.)
217-235 (Demographic Research Institute, 2018).

50. Hausman, J. Mismeasured variables in econometric analysis: Problems from the right and problems from the left. . Econ. Perspect.
15, 57-67 (2001).

51. Stirnemann, J. ]., Samson, A., Bernard, J.-P. & Thalabard, J.-C. Day-specific probabilities of conception in fertile cycles resulting
in spontaneous pregnancies. Hum. Reprod. 28, 1110-1116 (2013).

52. Wilcox, A. J., Weinberg, C. R. & Baird, D. D. Timing of sexual intercourse in relation to ovulation—effects on the probability of
conception, survival of the pregnancy, and sex of the baby. N. Engl. J. Med. 333, 1517-1521 (1995).

53. Cole, L. A, Ladner, D. G. & Byrn, E. W. The normal variabilities of the menstrual cycle. Fertil. Steril. 91, 522-527 (2009).

54. Ecochard, R. & Gougeon, A. Side of ovulation and cycle characteristics in normally fertile women. Hum. Reprod. 15, 752-755
(2000).

55. Fehring, R. J., Schneider, M. & Raviele, K. Variability in the phases of the menstrual cycle. J. Obstet. Gynecol. Neonatal. Nurs. 35,
376-384 (2006).

56. Lenton, E. A., Landgren, B.-M. & Sexton, L. Normal variation in the length of the luteal phase of the menstrual cycle: Identification
of the short luteal phase. BJOG Int. J. Obstet. Gynaecol. 91, 685-689 (1984).

57. Cornes, R. C., van der Schrier, G., van den Besselaar, E. ]. M. & Jones, P. D. An ensemble version of the E-OBS temperature and
precipitation data sets. . Geophys. Res. Atmos. 123, 9391-9409 (2018).

58. Ahmad, G., Moinard, N., Esquerré-Lamare, C., Mieusset, R. & Bujan, L. Mild induced testicular and epididymal hyperthermia
alters sperm chromatin integrity in men. Fertil. Steril. 97, 546-553 (2012).

59. Brown-Woodman, P. D. C,, Post, E. J., Gass, G. C. & White, I. G. The effect of a single sauna exposure on spermatozoa. Arch. Androl.
12,9-15 (1984).

60. Durairajanayagam, D., Agarwal, A. & Ong, C. Causes, effects and molecular mechanisms of testicular heat stress. Reprod. BioMed.
Online 30, 14-27 (2015).

61. Hajdu, T. & Hajdu, G. Ambient temperature and sexual activity: Evidence from time use surveys. Demogr. Res. 40, 307-318 (2019).

62. Hansen, P. J. Effects of heat stress on mammalian reproduction. Philos. Trans. R. Soc. B Biol. Sci. 364, 3341-3350 (2009).

63. Macleod, J. & Hotchkiss, R. S. The effect of hyperpyrexia upon spermatozoa counts in men. Endocrinology 28, 780-784 (1941).

64. Robinson, D., Rock, J. & Menkin, M. E. control of human spermatogenesis intrascrotal temperature. JAMA 204, 290-297 (1968).

65. Zhang, M.-H. et al. Scrotal heat stress causes sperm chromatin damage and cysteinyl aspartate-spicific proteinases 3 changes in
fertile men. J. Assist. Reprod. Genet. 32, 747-755 (2015).

66. Wood, L. B., Varela, P. L., Bollen, J., Rocha, L. M. & Gongalves-S4, ]. Human sexual cycles are driven by culture and match collective
moods. Sci. Rep. 7, 17973 (2017).

Acknowledgements

We thank Zsoka Vasarhelyi for her comments and suggestions. We acknowledge the E-OBS dataset from the
EU-FP6 project UERRA (http://www.uerra.eu) and the Copernicus Climate Change Service, and the data pro-
viders in the ECA&D project (https://www.ecad.eu). The present study has been produced using the live birth,
induced abortion, and foetal loss records of the Hungarian Central Statistical Office (HCSO). The calculations

Scientific Reports|  (2021) 11:1987 | https://doi.org/10.1038/s41598-021-81496-x natureresearch


https://appsso.eurostat.ec.europa.eu/nui/show.do?dataset=ilc_hcmp05&lang=en
http://www.uerra.eu
https://www.ecad.eu

www.nature.com/scientificreports/

and conclusions are the intellectual product of the authors. This work was supported by the Hungarian National
Research, Development and Innovation Office - NKFIH (grant no. FK 124310). Tamas Hajdu was also supported
by the Momentum ("Lendiilet") Program of the Hungarian Academy of Sciences (Grant No. LP2018-2/2018)
and the Janos Bolyai Research Scholarship of the Hungarian Academy of Sciences.

Author contributions
T.H. and G.H. designed the research and wrote the paper. T.H. analysed the data.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1038/s41598-021-81496-x.

Correspondence and requests for materials should be addressed to T.H.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:1987 | https://doi.org/10.1038/s41598-021-81496-x nature research


https://doi.org/10.1038/s41598-021-81496-x
https://doi.org/10.1038/s41598-021-81496-x
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Post-conception heat exposure increases clinically unobserved pregnancy losses
	Results
	Discussion
	Methods
	Clinically observed conceptions. 
	Weather data. 
	Identification assumptions. 
	Empirical methods. 
	Ethical approval. 

	References
	Acknowledgements


