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Abstract

Background: The Icelandic volcano Laki erupted from June 1783 through January 1784. It
produced 122 megatons of sulfur dioxide, particulate matter, and acid rain, and contributed to one
of the coldest winters on record in Western Europe. Although uncontrollable volcanic eruptions
continue, few studies have investigated their perinatal health implications.

Methods: Using the Human Mortality Database, we assessed the association between the Laki
event and the secondary sex ratio, infant mortality rates, and the number of births from 1751-1800
with time-series models that controlled for temporal trends.

Results: The secondary sex ratio decreased 3% below expected levels in 1784 (95% CI: —4% to
-1%). Both female and male infant mortality rates exceeded expectation in 1785, by 54% (95%
Cl: 25% to 83%) and 37% (—1% to 74%), respectively. We observed little change in female live
births, but a reduction in male live births in 1784.

Conclusion: Our findings are consistent with the hypothesis that the large-scale Laki volcanic
eruptions of 1783-1784 resulted in adverse perinatal health outcomes in Sweden.
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INTRODUCTION

The Icelandic volcano Laki erupted in June 1783, and while over 50% of the lava eruption
occurred in the first 48 days, the volcano remained intermittently active through January of
1784.1 One of the largest in recorded history, the basaltic Laki eruption released 80 times the
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sulfuric aerosol produced in the more contemporary American Mount St. Helens eruption in
1980.2 Successive eruptions from the Laki volcano released an estimated 122 megatons of
sulfur dioxide (SO,), hydrogen chloride and fluoride, and particulate matter into the
atmosphere. From Iceland, sulfate aerosol traveled the jet stream, arrived in Western Europe
in late June 1783, and resulted in months of poor air quality and acid rain that withered
crops.! Observations of the malodorous fog appeared in personal diaries, weather logs, and
scientific articles. Swedes referred to the dry fog as “sol-réken,” or sun smoke.! Europeans
reported respiratory distress, headaches, and eye irritation.3# Laki also resulted in a severe
winter in 1783-84,14 with an average winter temperature in Stockholm 3°C below the 250-
year average.®

The Laki eruption led to increased morbidity and mortality across Europe and such an event
could reoccur. Sonnek et al. predict that a similar-scale Icelandic eruption could result in
average summer SO, levels in Sweden of 60 pug/m3, with a peak >1000 pg/m3.% Deaths in
present-day Europe could total up to 140,000 based on increases in particulate matter alone.”
However, to our knowledge, just one prior study® has examined the adverse perinatal health
consequences associated with volcanic eruptions, and an eruption far less intense than the
Laki event.

Prior studies have reported associations between air pollution—including SO,—and adverse
birth outcomes, reduced fertility, and reduced secondary sex ratio (male-to-female ratio at
birth).9-13 The fetal and early neonatal periods may be periods of heightened vulnerability to
environmental stressors.}4 Environmental adversity may trigger reproductive suppression via
disrupted ovulation, impaired implantation or selection /n utero, thereby allowing the mother
to wait for more favorable conditions in which to produce offspring.1> Moreover, in times of
environmental stress, once born, infants require increased parental investment to buffer
against environmental insults.18 Based, in part, on these theories of reproductive
suppression, we hypothesized that the Laki eruptions affected the secondary sex ratio and
infant mortality, propositions we tested using birth data from 1751-1800 in Sweden.

METHODS

Birth data

We used the number of male and female births and sex-specific death rates in the first year
of life from 1751 to 1800 in Sweden from the Human Mortality Database.1” Originally
collected through parish registers, these historical data cover the current geographic region
of the country. The Human Mortality Database follows a uniform set of procedures to ensure
comparable mortality rates over time and across populations. We calculated two dependent
variables of interest: annual secondary sex ratio (ratio of male to female live births); and
annual infant mortality rate (sex-specific number of deaths in first year of life per 1000 live
births). In a sensitivity analysis, we calculated the annual number of sex-specific live births.
This analysis allowed us to examine why we observed a change in the secondary sex ratio, if
such a change occurred. We transformed these variables to their natural logarithms to allow
us to describe any unexpected values coincident with the Laki event as percent differences
from expected.
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Statistical analysis

We used Box-Jenkins transfer function models!® to account for autocorrelation including
secular trends, cycles, and persistence of high and low observations to arrive at
counterfactual values of the dependent variables (see eAppendix), where the counterfactual
condition is that the Laki volcano did not erupt. We used these models to assess the
relationship, net of autocorrelation, between the 1783-1784 Laki eruptions and the natural-
logarithm of the secondary sex ratio, sex-specific infant mortality rates, and sex-specific
birth rates. Because we log-transformed our dependent variables (), the beta coefficients
from our models can be interpreted as approximating the percent change in Y associated
with the Laki event. We also included the Great Famine of 1773, a known cause of
unexpected birth outcomes, as a predictor in our models so that it did not inflate the
estimated standard errors.

RESULTS

Over the 50-year study period (1751-1800), the annual secondary sex ratio in Sweden
ranged from 1.02 to 1.06 (mean = 1.05, SD = 0.01), reaching its nadir in 1784 (Figure panel
A). The annual male infant mortality rate ranged from 5 to 19 per 1000 (mean = 7, SD = 2)
and the annual female infant mortality rate from 4 to 19 per 1000 (mean = 6, SD = 2).
Annual infant mortality rates for both males and females peaked in 1773 coincident with a
large famine, but annual infant mortality rates in 1784 and 1785 were all at or above the sex-
specific 90M-percentile (Figure 1B).

Final models showed an annual secondary sex ratio 3% lower than expected in 1784 (95%
Cl: —4% to —1%) (Table). Annual infant mortality rates also exceeded expectation; for
females in 1784 and 1785 and for males in 1785. In 1784, the annual infant mortality rate
among females increased by 29% (95% CI: 1% to 58%). The rate in 1784 increased by a
similar magnitude for males (i.e., by 31%, 95% CI: -6 % to 68%) but the greater variability
in male than female infant mortality over the study period led to a wider confidence interval.
Both female and male infant mortality rates exceeded expectation in 1785, by 54% (95% ClI:
25% to 83%) and 37% (—1% to 74%), respectively. In a sensitivity analysis (Table 1), we
saw no major change in the annual number of female live births overall, but consistent with
selection in utero, annual male live births fell below the expected value in both 1783 (-10%,
95% CI: =17% to —2%) and 1784 (-11%, 95% CI: -21% to 0%).

DISCUSSION

Following the Laki eruptions in 1783-1784, a malodorous fog arrived in Western Europe,
harming harvests and contributing to a colder than average winter.! Due to development
characterized by rapid cell proliferation, differentiation, and organ development, fetuses may
be particularly susceptible to airborne toxins.1# Recent literature finds associations between
air pollution and adverse birth outcomes,® pregnancy loss,1! and infant mortality.10.12 The
present analyses suggest that the Laki eruptions resulted in environmental change severe
enough to reduce the secondary sex ratio and increase the infant mortality rate in Sweden in
the following years.
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Air pollution may affect perinatal health through pathways of oxidative stress and
inflammation, DNA damage, and changes in endothelial function or blood flow. In the
Czech Republic, Bobak and Leon reported an association between a 50 pg/m?3 increase in
S0, and infant death from respiratory causes.® Mothers also become more susceptible to
respiratory problems during pregnancy, in part due to reduced functional residual capacity.2°
The Laki eruptions resulted in substantially elevated levels of SO, and particulate matter,
reduced crop yields, and contributed to a frigid winter in Sweden. We observed increased
infant mortality that persisted from 1784-1785. Consistent with previous studies on elevated
air pollution13 and cold temperatures,?! we find a reduced secondary sex ratio the year
following the Laki eruptions, driven by reduced numbers of live male births and little change
in live female births. These observations provide support for the argument that the Laki
eruption caused selection /n utero against frail males. The elevated infant mortality in 1785
may be explained by reduced selection /in utero, resulting in a weaker birth cohort
confronted with persistent environmental effects from Laki.

We observed a reduced annual secondary sex ratio in the year after the Laki eruption, which
aligns with prior literature, based on evolutionary biology that finds reproductive
suppression in times of environmental stress.22 After conception, environmental shocks
appear to induce selection against frail fetuses, particularly small males.22.23 If born, these
small male offspring also require more maternal investment during infancy and childhood
compared to females.24 Therefore, when circumstances either reduce maternal capacity to
invest in offspring (e.g., reduced maternal pulmonary function) or increase need for maternal
investment (e.g., adverse environmental conditions),16 mechanisms conserved by natural
selection may spontaneously abort small males fetuses, reducing the secondary sex ratio at
birth.

Our analysis relied on high quality, historical birth data over a 50-year period from Sweden,
during a time period with little out-migration or medical intervention. This should have
improved the quality of our estimates. Limitations included coarse temporal (i.e., annual)
resolution data, lack of individual-level data, and inability to determine which environmental
conditions brought on by the eruptions—reduced air quality, crop yields, and record-low
winter temperatures—may have harmed perinatal health.

Laki-like events occur in Iceland every several 100 years; the 2010 Eyjafjallajodkull and
2011 Grimsvodtn volcanic eruptions being recent, small-scale examples. A present-day
Laki-type eruption could trigger peak SO, concentrations high enough to induce respiratory
symptoms and aggravate heart and lung disease in Sweden.® Our results suggests that
pregnant women would be particularly vulnerable during such an event. However, modern-
day heating systems and global food trade would likely buffer pregnant women against cold
temperatures and food shortages. Further assessment of the consequences of severe of
volcanic eruptions for pregnant women and their gestations may assist public health
professionals in disseminating health recommendations and supplying necessary medical
care during future air pollution emergencies.
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Figure.

Secondary sex ratio (ratio of male to female live births) and infant mortality rate (deaths
under 1 year per 1000 live births) in Sweden, 1751-1800. (A) The line shows sex ratio; (B)
The black line shows female infant mortality rate; the grey dashed line, male infant mortality
rate.
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