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v ABSTRACT At the Centre for Ecological and Evolutionary
Synthesis (CEES, University of Oslo), a group of biologists has been
working for decades to disentangle the complex mechanisms of
plague epizootics and epidemics in places where extant wild
rodent reservoirs are present. These questions have been
approached through ecological and climatic studies, mathematic
modeling, as well as genomics and epidemiology. In 2013-2018, the
Centre hosted the ERC-project MedPlag, which explored past
pandemics through the lenses of additional disciplines, like
archaeogenomics (ancient DNA), anthropology, archaeology, and
evolution, always against the background of historical information.
Here, we reflect on the end of plague in Europe based on the most
recent studies on plague carried out in these different disciplines.
v KEYWORDS Yersinia pestis, Wildlife Reservoirs, Pandemics

v ISSUE Volume 64 (2022), issue 1

Plague is an epidemic-prone disease that has caused millions of deaths throughout
history.' However, plague is primarily a wildlife disease that only occasionally spills
over from hosts such as wild or domestic rodents to humans, through vectors like
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Figure 1. Main mechanisms of plague transmission and how climate variation affects such transitions.
Modified from “Plague and Climate: Scales Matter” by M. T. Ben Ari et al., 201, PLoS Pathog, 7(9), p. 2,
CCo; and from “Human Plague: An Old Scourge that Needs New Answers” by X. Vallés et al., 2020,
PLoS Neglected Tropical Diseases, 14(8), p. 3, CC-BY-4.0.

fleas or by direct contact (Fig. 1). The ecological conditions for spill-over events are
well understood, as is the distribution of plague reservoirs (that is, places where resis-
tant rodent hosts, their associated flea vectors, and the pathogen are present at the
same time and constitute a potential source of infection) on all continents besides Eu-
rope and Australia.* Thus, to understand plague introductions and dynamics in the
human environment, we need to understand the plague dynamics in wild rodents.
Yet, if we question the reasons for the end of plague epidemics and pandemics, the
disappearance of local natural reservoirs might not be the only cause. Although schol-
ars have proposed that historical pandemics in Europe were maintained in a Western
European reservoir that caused local outbreaks until it disappeared, we suggest here
some alternative reasons for the end of the historical plague pandemics.?

The plague bacterium, Yersinia pestis, was described (originally under the name
Pasturella pestis) by Alexandre Yersin in 1894 in Hong Kong, at the onset of the Third

2 Schmid et al. (2015).
3 Carmichael (2014); Spyrou et al. (2016).
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Plague Pandemic.* Yersin hypothesized that the earlier Second Plague Pandemic
(1346-19th century), as well as the First Plague Pandemic (541-7th century), were
caused by the same bacterium, a matter that had been a subject of great debate.’
Today, advances in ancient DNA-sequencing techniques have confirmed that Y. pestis
was indeed the causative agent of all three pandemics.® Further, we now know that
plague ravaged Eurasia at least as far back as 5,000 years ago, although it is not yet
completely clear how it spread or if it caused large epidemics in prehistoric times.”

Genomic studies have shown that the historical pandemics were caused by genet-
ically distinct strains of the plague bacterium.® However, in comparison to other
highly diverse microbial species like Escherichia colithe Y. pestis genome has been
relatively stable during the past millennia.® Nevertheless, small variants called SNPs
(Single Nucleotide Polymorphisms) allow the construction of phylogenetic trees with
well-defined branches, corresponding to the three historical pandemics. From the
phylogeny, we now know that, towards the end of the first two pandemics, there
were two convergent changes in the Y. pestis genome (that is, mutations that were
concurrently present in the same strains).'® These convergent mutations involved key
genes, and there is a possibility that they attenuated the virulence of the bacteria over
the course of the First and Second Pandemics, but not during the prehistoric period
or in the most recent strains."* Moreover, this attenuation has been interpreted as
the cause of the end of the Second Pandemic, although in evolutionary terms, these
changes might better indicate a long-lasting adaptation of the pathogen to a new host,
which might have been humans, new vectors, or new rodents.'> With this in mind,
we could interpret the two convergent mutations coinciding with two pandemics
as bacterial adaptation to the human environment, although this scenario remains
inconclusive.'* Despite valuable attempts to explore the possibility of genomic selec-
tion due to plague, it is also unclear if humans developed any form of genetic or
humoral protection against this attenuated form of Y. pestis, a mechanism that also
might explain the end of the first two pandemics.'* These alternative explanations
for the end of the historical plague pandemics in Europe certainly warrant further
exploration.

Historians have also offered other explanations for the end of the Second Pan-
demic in Western Europe. For example, Panzac proposed that the end of plague in the

4 Yersin (1894).
s Yersin (1894). For example, Cohn (2002); Scott & Duncan (2001); Twigg (1984).
6 Haensch etal. (2010); Bos etal. (2011); Harbeck et al. (2013 ); Wagner et al. (2014).
7 For example, Rasmussen et al. (2015); Susat et al. (2021); Valtuefia et al. (2017). For debate on epidemics in
prehistoric times, see Rascovan et al. (2019); Spyrou et al. (2018); Susat et al. (2021).
8 Bos et al. (2016); Feldman et al. (2016); Guellil et al. (2020); Keller et al. (2019); Morozova et al. (2020);
Namouchi et al. (2018); Seguin-Orlando et al. (2021); Spyrou et al. (2016; 2019); Susat et al. (2020).
9 Achtman (2012).
10 Guellil et al. (2020); Keller et al. (2019); Spyrou et al. (2019); Susat et al. (2020).
11 Bramanti, Wu, Yang, Cui, & Stenseth (2021).
12 Susat et al. (2020) interpreted the attenuation as the cause of the end of the Second Pandemic, whereas Bramanti
etal. (2021) proposed the evolutionary explanation.
13 Bramanti et al. (2021).
14 Immel et al. (2021).
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Balkans in the early 1840s coincided with the introduction of a network of maritime
and terrestrial quarantine stations, which reduced the spread of diseases between the
European provinces of the Ottoman Empire.'S By the 18th century, quarantine was
common in many European port cities, which appears to have reduced the occurrence
of major epidemics in Europe, along with increased disease surveillance.’® Another
possible clarification offered by historians for the end of the Second Pandemic is
the improvement of housing through the introduction of “rat-resistant brick and
stone for urban construction,” in addition to the replacement, albeit partial, of the
black rat (Rattus rattus) by the brown rat (Rattus norvegicus) in Europe.'” The black
rat and its fleas were indeed demonstrated to have been responsible for mediating
the contact between wild rodents and humans in places where plague reservoirs are
present.’® Yet its involvement in sustaining outbreaks in Europe during the three
plague pandemics has been challenged, because, in contrast to what was observed
in Asia during the Third Pandemic, no eyewitnesses to the plague in Europe have
ever reported epizootic phenomena of the black rat prior to or concomitant with an
epidemic, even at the time of the Third Pandemic, although rats were reported to
have been present on infected ships, and although they were scrupulously tracked and
scrutinized."

Clearly, the first two plague pandemics greatly affected Europe, leaving millions of
victims in their wake. By contrast, the impact of the Third Plague Pandemic was much
more limited in Europe, yet not absent, allowing for an exploration of its dynamics
and end in periods for which we have more detailed information.

At the beginning of the Third Pandemic, plague, like other infectious diseases,
became internationally notifiable, a status that it still has today.>® This action was
significant for preventing and monitoring outbreaks of plague worldwide, and the
resulting records of notifiable diseases have furnished valuable data for the retrospec-
tive study of plague.*’ In Europe, there were 1,692 cases and 457 deaths attributed
to plague between 1899 and 1950 recorded in the U.S. Government's Public Health
Reports.** More extensive research into narratives and medical literature has revealed
that not all the cases were officially notified. For instance, the last outbreak occurred
in Europe—in Taranto, Italy at the end of World War II; it caused 30 cases and 15
deaths, and was only uncovered by dedicated local historians.*?

In addition to this published dataset, plague cases and outbreaks were reported
in the major archipelagos connected to Europe, the Azores and the Canary Islands.>*

15 Panzac (1985s).

16 Eckert (2000); Guellil et al. (2020); Konstantinidou, Mantadakis, Falagas, Sardi, & Samonis (2009).

17 Appleby (1980, p. 173).

18 See Bramanti, Dean, Wallpe, & Stenseth (2019, Section 3a) for relevant literature on this matter.

19 Bramanti et al. (2019).

20 “On the question of notification, instead of being mandatory for the existence of an outbreak, the information to
be given to other countries should be for any case of plague” Proust (1897, p. 294).

21 Xuetal. (2019).

22 The dataset is published in Bramanti et al. (2019).
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24 Bramanti et al. (2019).
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Pollitzer accounts for 2,159 cases recorded from 1905 to the 1950s on the Atlantic
islands of Madeira and the Azores.*> The largest epidemic, with 744 cases, occurred
on Sao Miguel island in 1922-1923, followed by sporadic cases averaging eight per
year in the period 1942-1948.° The last two cases were recorded in 1949. Moll
and O'Leary recorded an additional 215 cases of plague in the Canary Islands from
1906 to 1935, although the official notification for the first years was only issued
in 1924.*7 Reconstructions of the plague's spread showed that the Canaries were
involved in the spread of plague to San Juan, Puerto Rico, Habana, Cuba, New
Orleans, the USA, and Liverpool, UK in 1912.?® In the period of the Third Pandemic
until the 1950s, almost all the cases notified in Europe and in the major archipelagos
around Europe were recorded in ports, fluvial harbors, and islands, suggesting that
plague was imported into Europe from outside, mostly by maritime shipping, via
infected persons, cloths, goods, or rats.*® This is not unexpected, since there are no
present-day plague reservoirs in Europe, meaning Y. pestis can only be imported from
outside. Nonetheless, the more limited impact of plague in Europe during the Third
Pandemic, in comparison to the previous two, was not necessarily due to the absence
of a reservoir.

At the beginning of the Third Plague Pandemic, Europe and the rest of the
world were more prepared than before to face the threat of disease introductions.
From the first decades of the 19th century, increased globalization spurred by the
invention of steamships and steam trains had already spread cholera, smallpox,
yellow fever, and flu, requiring the intervention of the international public health
system and several international conferences to propose and coordinate preventive
measures.’® The intensive and concerted engagement of international governments,
health authorities, and scientists, as accounted by Proust in his extensive report on
the International Sanitary Conference of Venice 1897, resulted in the effective control
of the pandemic's spread in Europe.’' Further, the almost complete disappearance

Pollitzer (1954; 1951).

Pollitzer (1954).

Moll & O'Leary (1942).

Moll & O'Leary (1942).

Bramanti et al. (2019).

Bramanti et al. (2019).

The public health measures suggested at the beginning of the Third Plague Pandemic by the International
Sanitary Conference of Venice on February 16, 1897, which was composed by a technical Commission (of
expert physicians) and a Commissions of diplomats, were comprehensively reported by Proust (1897). Here, we
include a summary of the proposed rules. Plague foci were to be monitored. The governments of each country
should notify the others about cases of plague, including by telegraph, and keep them updated on the measures
taken to avoid the propagation of plague. Strict rules were proposed for maritime travel. People departing
from a contaminated port should be submitted to rigorous, compulsory, individual medical examinations at
the time of boarding. With any suspicion of plague, departure should be restricted. Compulsory and rigorous
disinfection of any contaminated or suspect object should be carried out on land, under the supervision of the
doctor delegated by the public authority. Dangerous merchandise included clothes, rags, used bags, carpets, used
embroidery, untanned hides, fresh hides, fresh animal scraps, hooves, manes, silks and raw wools, and hair. The
country of arrival was free to accept or refuse merchandise, or to admit them only after disinfection (which was
recommended by the Conference). Disinfection prophylaxis included destruction by fire for valueless objects;
steaming for fabric and cloth; washing with disinfectant solutions for equipment, surfaces, and walls of inhabited
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of plague from Europe in the 1950s is concomitant with the better hygienic and
living conditions in the Western world after World War II, with the introduction of
domestic baths, domestic appliances, and insecticides likely reducing the presence
of parasites.’* Still, it remains to be clarified what kind of vectors might have been
responsible for plague transmission, although the consideration that plague outbreaks
might be supported by parasites infesting humans and their environments is finding
growing support in the scientific literature.*?

While coordinated efforts consistently reduced the number of times plague was
introduced to Europe during the Third Pandemic, one large (Oporto in 1899)
and several small outbreaks still occurred over a period of about 50 years and
were efficiently managed by the relevant local authorities. For example, the local
sanitary authorities effectively controlled the spread of plague during an outbreak in

places; and washing, ventilation, or use of antiseptic gases for parts of these premises. The doctor should also
define if the vessels were “plague-free,” “suspected,” or “infected.” The incubation time for plague was formally
fixed at a maximum of 10 days, with the consequence that vessels with no cases in the last 12 days of voyage
could not be considered “plague-free,” but “suspected,” thus they did not require disinfection if no rats that had
died of plague were found on board. People suffering from plague were notified by the doctor on board, and
had to disembark and isolate. Particular attention was paid to pilgrims travelling on vessels; besides the controls
before boarding, the captain should ensure continuous controls and correcting measures, as well as sufficient
prophylactic disinfection and food and water during the voyage. Particularly detailed instructions were also
provided for maritime travel through the Suez Channel, the Red Sea, and the Persian Gulf to avoid the spread
of plague into the Mediterranean Sea. For travelers on land, disinfection and controls were to replace quarantine
for people and goods along well-travelled routes and railways. Only people with symptoms of plague should be
isolated. Border closure should be enacted only in exceptional cases.
If, despite all the precautions, an infected ship arrived in Europe, people sick from plague should disembark
and be isolated. The other persons on board should disembark as well and kept isolated or under surveillance
for no more than 10 days. Every object should be considered contaminated and disinfected, as should all the
locals on board visited by people with plague. The water stores should be replaced with fresh potable water.
Before departure, the captain of the ship where plague was found should ensure that no person suspected of
being infected had embarked, that the vessel is perfectly clean and disinfected, and that no belongings of the
sick people remain on board. People eventually affected during the travel should be isolated, as well as their
caregivers. Their belongings, as well as their secretions and body fluids should be collected in vases containing
disinfecting solutions and immediately discarded in the toilet, which should be disinfected as well. Cadavers,
previously wrapped in a shroud impregnated with a disinfecting solution, should be thrown into the sea. The
logbook, containing any appropriate information, should be submitted to the health authority on arrival. On
the “suspected” vessel, medical visits and disinfection should be implemented, but the people should remain on
board and under surveillance for a period not longer than 10 days. A “plague-free” vessel should be admitted to
free practice, whatever the nature of their license. The competent authority of the port of arrival should request a
certificate from the physician on board attesting that no cases were present on vessel since departure.
Cases notified in Europe should also report most detailed information about the prophylactic measures used
to avoid an epidemic, in particular in relation to health inspection or medical examination, isolation, and
disinfection. Places where plague cases were found are considered “contaminated” until 12 days after the recovery
or death of the last case, but only to ensure that appropriate disinfection was carried out. The erection of
military cordon sanitaires and censorship of information concerning the epidemic was not recommended by the
Conference of Venice in 1897 (Proust, 1897; Echenberg, 2010; Bramanti et al,, 2019).
Although dead rats on vessels were mentioned in the cited opus of Proust (1897), because Ogata had already
observed plague in rats, the first Conference aware of the role played by rats in transmitting plague on ships was
that held in Paris in 1903. Nonetheless, it was not until after the International Sanitary Convention of 1926 that
the Office International d'Hygiéne Publique (founded in Paris in 1907) was required to publish “a Relevé annuel
relating to the deratting of ships and ports” (World Health Organization, 1958).

32 Bramanti et al. (2019).

33 For example, Barbieri, Drancourt, & Raoult (2020); Dean et al. (2018).
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Glasgow in 1900.>* The investigation included rapid identification of cases, contact
tracing, and quarantining, as well as sending plague cases to the hospital, preventing
large gatherings at wakes, and sanitizing homes and clothing. The authorities also
disseminated information about plague to healthcare providers and the public. The
actions of the sanitary authorities in Glasgow appear to have stopped the outbreak,
which resulted in only 35 cases in the city. Although Glasgow experienced more
introductions of plague, local outbreaks could be effectively managed with the epi-
demiological interventions available to the authorities at that time.>s The success of
these interventions, by reducing contacts with cases, was demonstrated for Glasgow
through the reconstruction of the transmission network.>® At the beginning of the
20th century in Europe, introductions of plague were effectively managed by reducing
contact between humans and vectors through better hygienic conditions and social
distancing or isolation, ultimately stopping further spread of the contagion.

The timely discovery and notification of plague cases, and the implementation
of various control measures like those in Glasgow, meant that further spread of the
contagion within Europe was rare. Indeed, in Europe during the Third Pandemic,
we could find only a few cases of plague that spread from ports to other regions, all
mediated by infected people travelling over land, like the case in Liverpool in 1907
(imported from Glasgow), and a case in Reggio di Calabria imported from Taranto.?”
Effective control measures, along with better hygienic and sanitary conditions, could
have all contributed to the end of the Third Pandemic in 1946, at least in Western
Europe. Today, the endemicity of plague in some industrialized countries, like the
USA and China, can be explained by the presence of local plague reservoirs. With
stringent, internationally coordinated controls, only a few cases are notified every
year, mostly due to accidental contact with infected rodents, cats, or dogs. Large
outbreaks of plague, such as the one in Madagascar in 2017, are very rare indeed,
as long as the rapid identification, reporting, and isolation of cases is possible. From
the early stages of the Third Pandemic, control measures and interventions benefit-
ted greatly from improved methods of communication, whereas in the modern era
hygiene and medicine have had the most effect, together with other technological
improvements. All these conditions, which have contributed to the end of the Third
Plague Pandemic—at least in some parts of the world—were unimaginable in the
previous centuries. Therefore, plague might have had its largest death toll during
the First and Second Pandemics, even in places without wild rodent reservoirs, as
quarantines, cordons sanitaire, and medical treatments were less efficient. A vibrant
discussion about the presence of wild rodent reservoirs in ancient Europe is still
ongoing, based on different interpretations of the phylogeny of the ancient strains, as
well as on historical and ecological data. In order to settle this issue, there is a need for

34 Dean, Krauer, & Schmid (2019).

35 Bramanti et al. (2019).

36 Deanetal. (2019).

37 See Colvin (1907) for Liverpool, and Bramanti et al. (2019) for Reggio di Calabria.
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additional environmental data, as well as additional genomes from different parts of
Eurasia that can be accurately dated and for which historical information is present.*®

The U.S. Centers for Disease Control and Prevention defines an epidemic as an
often-sudden increase in the number of cases beyond what is expected in a given
area. Since plague is primarily a rodent disease, human cases are often regarded as
outbreaks, and this is especially true for cases in Europe, where no past or present
reservoirs for plague have yet been demonstrated. Building on our previous biological
research, we argue that there has never been a plague reservoir in Europe, a condition
that can also explain the limited role of the rats in supporting plague epidemics in
the past. Plague was frequently reintroduced to Europe via maritime shipping or
overland from regions where the infection is endemic due to plague reservoirs. Rats
on ships and goods and their fleas may have been responsible for the transportation
of plague into Europe, but we argue that within Europe plague circulated among
humans, without the needs of rats, as we have seen in Glasgow in 1900. Chains
of transmission might have mainly been mediated by contact with contaminated
persons or their body fluids, or clothes or rags containing ecto-parasites. Therefore,
we suggest that the efforts made to track and record plague cases in Europe during the
Third Pandemic made it possible to measure the beginning and end of the epidemic
in an epidemiological context. From notifications of plague cases, we can see that the
beginning of the Third Pandemic in Europe coincided with the spread of plague to
many parts of the world, whereas repeated introductions of the disease led to cases
in Europe until the 1950s. The International Sanitary Conferences convened through
the 19th century were proven to be very efficient in proposing measures to contain
and stop the contagion. Preventing and controlling pandemics is an imperative goal
that can be achieved through cooperation between international authorities, with a
clear understanding of the mechanisms of infectious disease transmission.
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