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University of Maine, Orono, ME, USA, 3Department of Public Health, Long Island University, New York City, NY, USA,
4Department of Classics and Archeology, School of Humanities, University of Nottingham, Nottingham, UK

Abstract The HIN1 “Spanish influenza” pandemic of 1918-1919 caused the highest known number of
deaths recorded for a single pandemic in human history. Several theories have been offered to explain

the virulence and spread of the disease, but the environmental context remains underexamined. In

this study, we present a new environmental record from a European, Alpine ice core, showing a significant
climate anomaly that affected the continent from 1914 to 1919. Incessant torrential rain and declining
temperatures increased casualties in the battlefields of World War I (WWI), setting the stage for the spread of
the pandemic at the end of the conflict. Multiple independent records of temperature, precipitation, and
mortality corroborate these findings.

Plain Language Summary A new, high-resolution climate record from Europe shows a
once-in-a-century climate anomaly that occurred during the years of World War I and the Spanish flu
pandemic. Mortality data from all causes show increases in times of worsening weather, precipitation,
and temperatures, a factor in many of the major battles of WWI, as well as a possible exacerbating factor
for the virulence of the pandemic.

1. Main Text

A century ago, in the autumn of 1918, the deadliest wave of the HIN1 influenza pandemic, known as
the “Spanish Flu”, claimed tens of millions of victims (Krammer et al., 2018; Taubenberger &
Morens, 2006). It marked the beginning of the end of several years of unprecedented mortality through-
out Europe, due to the horrors of World War I (WWI), and an unusually extreme, multiyear climate
anomaly that brought torrential rains to battlefields as well as urban areas. The inescapable muddy
landscapes of the war remain a common theme of surviving WWI eyewitness accounts and photo-
graphs. Despite recent work on the impact of climate change on the spread of viral infections and over-
all mortality, the role of environmental changes in the WWI-Spanish flu period remains underexamined
(Grant & Giovannucci, 2009; Mamelund, 2011). Here we present a new, high-resolution climate proxy
record from the high Alpine Monte Rosa (4,450 m a.m.s.l.) Colle Gnifetti (CG) glacier in the heart of
Europe, indicating abnormally high influxes of North Atlantic marine air in the years 1914-1919. We
evaluate the glaciochemical data from this ice core with a detailed monthly record of overall mortality
in Europe for the same period and monthly precipitation and temperature measurements (Ansart
et al., 2009; Bohleber et al., 2018; Bunle, 1954; Clifford et al., 2019; More et al., 2017, 2018; Schneider
et al., 2014; Sneed et al., 2015; Willmott & Matsuura, 2001). The multiyear, extreme anomaly described
here, in several independent but consilient records, had a significant impact in setting the stage for the
onset, spread, and mutation of the HIN1 pandemic, while also increasing all-cause deaths due to wide-
spread harvest failures and worsening battlefield conditions.

The influenza pandemic of 1917-1919 claimed between 50 and 100 million lives (Krammer et al., 2018;
Taubenberger & Morens, 2006). In Europe, the estimated death toll was 2.64 million (Ansart et al., 2009).
Various theories have been proposed to document its spread from Asia to Europe. Historical research has
recently focused on the recruitment of allied troops by the British in Asia in spring 1917 and their transport
to Europe via Canada and the Atlantic crossing, as the most likely route of transmission (Humphries, 2014).
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Figure 1. High marine air influx in the years of World War I and Spanish influenza 1914-1919. Concentrations of Na
(ICPMS), CI™ (IC) marine air proxies in the Colle Gnifetti glacier (4,450 m.a.s.l. Swiss-Italian Alps) in the years

1880-1980 (with a possible error of +1 year in this segment of the core, per Bohleber et al., 2018). The years 1914-1918
show the highest concentrations in a century, indicating an extreme influx of cold marine air from the North Atlantic.

Studies have also suggested that the use of chlorine gas on the battlefields of WWI may have caused the
virus to mutate into its most virulent form (Erkoreka, 2009; Oxford et al., 2005; Taubenberger et al.,
1997; Worobey et al., 2014). The environmental and especially climatic conditions in which the pan-
demic developed have received less attention in the scientific literature, even though historical accounts
universally describe abnormally high precipitation and cold temperatures in the years preceding the
onset of the pandemic, in 1917, and during its deadliest wave in 1918. In contrast, detailed research
has shown how extreme weather conditions impacted the outcome of major battles on the western
front, most notably during the battles of Verdun (1916-1917), the Somme (1916), the Chemin-des-
Dames (1917), and the Third Battle of Ypres-Passchendaele (1917) (Barbante et al, 2004;
Hussey, 1997). Extreme weather anomalies in these years disrupted governmental efforts in collecting
meteorological records (Savouret et al., 2011).

In this study, we combine a high-resolution glaciochemical record reconstructed from CG marine air proxies
(Na, C17) evaluated together with detailed monthly records of overall mortality from 13 European countries
(Figures 1 and 2) and instrumental measurements of precipitation and temperature for the same period
(Figure 3). Previous research on this CG record exposed in great detail variations detected in climate proxies
and in the concentration of pollutants for this area due to its geographic proximity to events and its location
under the influence of the Iceland low and Azores high pressure systems (Figure 4) (Barbante et al., 2004;
Bohleber et al., 2018; Doscher et al., 1995; More et al., 2018). The glaciochemical records have been devel-
oped via discrete, inductively coupled plasma mass spectrometry (ICP-MS, 465 data points for the period
1880-1980) and ion chromatography (IC, 581 data points for the period 1880-1980) analyses (More
et al., 2017, 2018; Sneed et al., 2015).

Total European mortality peaked three times, concurrently or following cooling temperatures, increasing
precipitation, and an extreme influx of cold marine air in winter 1915, 1916, and 1918 (Figure 2). The glacio-
chemical and instrumental records corroborate historical accounts of torrential precipitation on the battle-
fields of WWI—resulting in increased casualties due to drowning, exposure, pneumonia, and other
infections—and its severity may have significantly altered the migration patterns of birds such as the mal-
lard duck, the primary reservoir for the HIN1 avian influenza virus (Tucker et al., 2018).

The first significant increases in all marine air proxies occurred in spring 1914 and winter 1914-1915, with
concurrent increases in precipitation and mortality in December 1914 and January-February 1915.
Historical accounts of the Defense of Festubert (November 1914 to May 1915) and the First Battle of
Champagne (December 1914 to March 1915, Figures S1-S3) highlight the impact of intensifying

MORE ET AL.

20f 8



A
AUV
ADVANCING EARTH
AND SPACE SCIENCE

GeoHealth

10.1029/2020GH000277

— ICPMS Na pg/L Battle of the
—IC CI pg/L 2nd Battle of Somme
— Tolal Deaths Europa Chempagne Spanish Flu pandemic's
3 “Turnip winter™ deadliest wave (fall 1918)
14x10° 2500
Third
Defense of B:S:ZSDI
12 Festubert B 2450
pandemic
wave 1
i o)
10 — 1st Battle of 24 g
- Champagne — 2400 i
5 =
3 =)
= 8 | g
E | — 2350 oy
- =
© <
=
c m
Q 6+ - 2300 S
5 S
o \ ®
L 2250 =
b
2 — 2200
\
0 UL R N R R R R LR R RS AR R AR AR R LA
1914 1915 1916 1917 1918 1919 1920
Year C.E.

Figure 2. Marine air influx and total deaths in Europe 1914-1920. Concentrations of Na, C1”, marine air proxies in the
CG glacier and total mortality for 13 European countries 1914-1920 (Ansart et al., 2009; Bunle, 1954). In 1915, 1916,
and 1918, overall mortality peaked during or immediately after periods of high marine air influx over Europe. Major
battles of WWI where precipitation was a significant factor are labeled in black, along with the period of the three major

waves of the Spanish Flu pandemic, the deadliest of which occurred in the autumn of 1918.
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Figure 3. Mean temperature, precipitation, and total deaths in Europe, 1914-1920. Mean values of instrumental
measurements of temperature and precipitation with overall deaths for 13 European countries (Ansart et al., 2009;
Bunle, 1954; Schneider et al., 2014; Willmott & Matsuura, 2001). In the autumn and winter of 1918, mortality peaked
together with high precipitation, with a peak in both records in the month of October, a slight decrease in November, and
another peak in December of that year. The deadliest wave of the Spanish Influenza pandemic claimed most of its victims
in the same months, where the arrow points to a double peak in both deaths and precipitation.
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Figure 4. Atmospheric pressure anomaly over Europe. The CG ice core site (4,450 m.a.s.l.) is shown as a star. A mean sea
level pressure difference map was calculated for September 1918 from an average for the 1900-1930 interval in the
ECMWF ERA-20C reanalysis data set via the Climate Reanalyzerm. A strong Iceland low pressure system influenced
unusually cold and wet climate conditions during the month of September 1918.

precipitation on British, French, and German military operations, where newly dug trenches and tunnels
filled with rainwater, as bitter cold temperatures caused thousands to endure frostbite at night, while mud
slowed down the movement of troops and artillery during the day (Barthas, 2014; Churchill et al., 1916; de
Lécluse, 1998).

The highest increase in marine air proxies (Figures 1 and 2) occurred in the summer-autumn of 1915 and
winter of 1915-1916 (Figure S4). Instrumental measurements of precipitation (Figure 3) show an increase
from the spring of 1915 to December 1916 (Figure S5), with only a short interruption in July-August, and
in December 1915. Extreme precipitation and winter conditions reached as far as Gallipoli (Turkey) in
November 1915, famously affecting the ANZAC and British troops there, in one of the longest and deadliest
campaigns of the war (Prior, 2009; Figure S4). Starting in January 1916, precipitation in Europe increased
steadily throughout the year, with a peak in December 1916 (Figure S5), coinciding with the battles of the
Somme and Verdun, where the mud and water-filled trenches and bomb craters swallowed everything, from
tanks, to horses and troops, becoming what eyewitnesses described as the “liquid grave” of the armies
(Borden, 1917). Extended winter conditions delayed the start of the Chemin-des-Dames offensive until
April 1917 (Attal & Rolland, 1993; Savouret et al., 2011). They also caused widespread harvest failures, result-
ing in the “turnip winter” of 1916-1917, whereby the German population resorted to root vegetables for their
diet, due to failed potato and cereal harvests and the allied blockade (Chickering, 2004). After a brief respite,
rain and cold returned again in the summer and autumn of 1917 (Figure S6), with widespread flooding of the
trenches in the Third Battle of Ypres (Passchendaele) in July-November, often bringing military operations
to a standstill and substantially increasing casualties (Barton et al., 2007; Lloyd, 2017; Reid et al., 1999).

The first wave of HIN1 influenza in Europe emerged in the spring of 1918, most likely originating in the
fall and winter of 1917, among allied troops that had arrived from Asia and had established their base
camp near Boulogne (Humphries, 2014). The combination of extremely high precipitation, the concentra-
tion of millions of troops on the battlefields, unsanitary conditions, and the use of chlorine gas as a
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chemical weapon have been cited as contributing factors to the mutation and emergence of the most
lethal wave of the Spanish influenza pandemic in the fall and winter of 1918-1919 (Erkoreka, 2009;
Oxford et al., 2005; Figure S7). Later peaks in marine air proxies in 1921-1922 and 1926 are connected
to documented residual activity from North Atlantic hurricanes, particularly severe in those years, but
not approximating the extremes of 1914-1918 (Landsea et al., 2012). The deadliest wave of the flu in
Europe began in the autumn of 1918, closely following a period of extremely high precipitation and cold
temperatures (Figure 3).

The coincidence between increased precipitation and mortality in this pandemic wave in late 1918 (Figure 3)
highlights the role of environmental conditions in a pandemic's morbidity and mortality, as already sug-
gested in studies of recent HIN1 and other respiratory tract infections such as COVID-19 in human popula-
tions (Kissler et al., 2020; Liu et al., 2020; Viboud et al., 2004) especially in regions with extensive, long-term
air pollution such as Europe (Clay et al., 2018; Morales et al., 2017; More et al., 2017). An additional exacer-
bating factor may have been the influence of the weather anomalies on established patterns of avian migra-
tion, similar to those documented for other species in response to modern, anthropogenic climate change
(Tucker et al., 2018). Specifically, the migration of the mallard duck—one of the primary reservoirs of
HIN1 avian influenza virus—may have been disrupted by the anomaly described here, resulting in
increased presence of this species throughout Europe in the autumn of 1917 and 1918, in close proximity
to both military and civilian populations, as well as domesticated animals (Oxford et al., 2005; Saunders-
Hastings & Krewski, 2016; Taubenberger et al., 1997; Worobey et al., 2014). Studies of disruptions in mallard
migration have shown that changes in the environment—at start point and throughout the journey—can
affect overall movement and direction (van Toor et al., 2013) interrupting their normal migratory route
(Kleyheeg et al., 2019; Tolf et al., 2012). The transfer of HIN1 influenza virus from animals (avian and mam-
mals) to humans (zoonosis) occurs primarily via water sources contaminated with fecal droppings from
infected birds (Breban et al., 2009; Carter & Sanford, 2012; Pawar et al., 2018; Vandegrift et al., 2010;
Vittecoq et al., 2017; Worobey et al., 2014). In autumn, the rate of influenza A viral infection can be as high
as 60% in mallard populations, due to the exposure of immunologically naive juveniles to the virus
(Bengtsson et al., 2016; Tolf et al., 2012). Juveniles are especially prone to remain in the same area if their
migration route is disrupted (van Toor et al., 2013). Exposure of mammalian hosts to the same infected
bodies of water where mallard ducks may have remained may explain connections to the current seasonal
recurrence of HIN1 in human populations as shown in recent studies (Belser & Terrence, 2019; Reid
et al., 2004; Smith et al., 2009; Tang, 2009; Weingartl et al., 2009), suggesting that severe weather anomalies
in 1917-1919 may have contributed to both the diffusion and mutation of the Spanish flu virus, as previous
studies have suggested.

The influx of torrential rain accompanied by decreasing temperatures in the autumns of 1917 and 1918 pro-
vided ideal conditions for the survival and replication of the virus (Brown et al., 2009; Lowen & Steel, 2014;
Reid et al., 2004; Tang, 2009; Weingartl et al., 2009). Prolonged exposure to decreasing temperatures may
also have been a factor in increasing pneumococcal co-infections, which recent studies have found to be
more common in the WWI years than previously thought (Foxman et al., 2015, 2016; Iwasaki et al., 2017;
Klugman & Chien, 2009; Meissner, 2016; Morens et al., 2008; Taubenberger et al., 1997; Worobey et al.,
2014). Retrospective epidemiological studies have now shown that a significant contribution to high mortal-
ity during the Spanish Flu pandemic came from pneumococcal co-infections, amounting to as much as one
fifth of influenza victims, with a 34% mortality.

The data presented here show that extreme weather anomalies captured in glaciochemistry and reanalysis
records brought unusually strong influxes of cold marine air from the North Atlantic, primarily between
1915 and 1919, resulting in unusually strong precipitation events, and that they exacerbated total mortality
across Europe, due to the interplay of environmental, ecological, epidemiological, and human factors. As we
experience increasingly severe weather anomalies brought about by global climate change, and with the per-
sistent seasonal recurrence of HIN1, the contribution of environmental change and human action to pan-
demic morbidity, mortality, and diffusion cannot be underestimated. Indeed, the pandemic development
history of the Spanish Influenza from 1917 to 1919 sends a warning into our own time, a century later, of
the ongoing risks of war zones (including the use of chemical weapons), wildlife trade, unsanitary condi-
tions, and humanitarian crises as incubators of disease, assisted by climate-change triggers. Our past and
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