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Quantitative knowledge about which natural and anthropogenic
factors influence the global spread of plague remains sparse. We
estimated the worldwide spreading velocity of plague during the
Third Pandemic, using more than 200 years of extensive human
plague case records and genomic data, and analyzed the associ-
ation of spatiotemporal environmental factors with spreading
velocity. Here, we show that two lineages, 2.MED and 1.0ORI3,
spread significantly faster than others, possibly reflecting differ-
ences among strains in transmission mechanisms and virulence.
Plague spread fastest in regions with low population density and
high proportion of pasture- or forestland, findings that should be
taken into account for effective plague monitoring and control.
Temperature exhibited a nonlinear, U-shaped association with
spread speed, with a minimum around 20 °C, while precipitation
showed a positive association. Our results suggest that global
warming may accelerate plague spread in warm, tropical regions
and that the projected increased precipitation in the Northern
Hemisphere may increase plague spread in relevant regions.

Yersinia pestis | Third Pandemic | climate change | global transmission
velocity | historical and genomic data

lague is widely recognized as one of the greatest biological—
environmental disasters in human history, having caused over
200 million deaths, greatly shaping the societies affected (1). There
have been three pandemics of plague: the First Pandemic (sixth to
seventh centuries, including the Justinian Plague of 541 to 542), the
Second Pandemic (14th to 19th centuries, which started with
the Black Death in 1348 to 1353), and the Third Pandemic (2). The
Third Pandemic started in 1772 in Yunnan province, southwest
China, and spread to other parts of the world from Hong Kong in
1894 (3). During the outbreak in Hong Kong, Alexandre Yersin
discovered the plague bacillus Yersinia pestis (4). Currently, plague
represents a significant threat, as it is considered a reemerging
disease under accelerated climate change and globalization. The
most recent outbreak of pneumonic plague occurred in Madagascar
in 2017, with a total of 2348 suspected plague cases reported to the
World Health Organization (WHO) and with a high risk of spread
to the neighboring islands of the Indian Ocean and to other parts of
the world (5). This recent outbreak underscores the urgency of
understanding the natural and anthropogenic factors that influence
the spread of plague—knowledge that can be gained by retro-
spective analysis of the transmission patterns of plague in the past.
Plague is a zoonotic disease, with rodents and fleas playing key
roles as major hosts and vectors in its transmission (6). Pop-
ulations of Y. pestis, which are spatially separated depending on
the spatial distribution and population dynamics of animal hosts,
have led to the sustained prevalence of human plague from 1772
to 2014 (Fig. 1). Previous classifications of Y. pestis subdivided

www.pnas.org/cgi/doi/10.1073/pnas.1901366116

different populations into biovars (Antiqua, Medievalis, Orientalis,
and Pestoides) based on their phenotypic characteristics (Pestoides
is also designated as Microtus and has rarely infected humans) (7,
8). The prevalent forms assumed to cause the Justinian Plague,
Black Death, and Third Pandemic were Antiqua, Medievalis, and
Orientalis, respectively. However, this hypothesis has been chal-
lenged by recent molecular studies (2). Regardless, all known bio-
vars were found in hosts (including humans) and vectors during the
period of the Third Pandemic (7, 9). According to recent studies,
which reconstructed the phylogeny of Y. pestis from the whole ge-
nomes of modern strains, the different populations can be classified
into 19 subbranches (7). With reference to this phylogenetic sub-
division, in this study’s analyses, we used only the most prevalent 15
subbranches (hereafter referred to as genotypes): 1.0RI1, 1.ORI2,
1.0RI3, 2.MED1, 2.MED2, 2MED3, 0.ANT1, 0.ANT3, 1.ANT1,
1.ANT2, 1.ANT3, 3.ANT1, 3.ANT2, 3.ANT3, and 4 ANT (Fig. 1).

During the Third Pandemic, plague spread rapidly and
caused outbreaks in many regions worldwide (10, 11) (SI Appen-
dix, Fig. S1). Plague occurrences of the Third Pandemic were well
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Fig. 1. (A) Spatial distribution of plague spread during the Third Pandemic. Small points indicate locations with human plague appearance, with colors

indicating suspected plague genotype. The suspected genotypes are listed in the legend. We identified the suspected genotype by matching with the nearest
surveillance site with genotype data based on samples from patients, hosts, and/or vectors. Surveillance sites are shown by large points, circles, and triangles
(see legend: Genotypes of strains). (B) Estimated spreading velocity of plague by using the g-NNA. Colors indicate 1.0RI.1, 1.0RI.2, 1.0RI.3, ANT, and 2.MED

strains. The sizes of the symbols show the spreading velocity (kilometer per year in In-transformed scale).

recorded. However, spatial transmission and the influence of en-
vironmental and anthropogenic factors have been investigated in
only a few countries (3, 12-14). Global plague transmission pat-
tern has been previously proposed only on the basis of incomplete
records (7, 9, 15, 16). Factors influencing global spatial trans-
mission of plague have not been investigated. The increasing
amount of genetic data available on Y. pestis populations (7-9, 17,

11834 | www.pnas.org/cgi/doi/10.1073/pnas.1901366116

18) now makes it possible to evaluate the effects of environmental
factors on the global transmission velocity of plague during the
Third Pandemic, by integrating genetic data with historical records.

Estimation of Spread Velocity
The global spread of Y. pestis was reconstructed by assuming that
the most likely origin of plague introduction into a new location

Xu et al.
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was the geographically nearest location with a previous record of
plague of the same genotype [genomic-constrained nearest neigh-
bor approach (g-NNA), a reconstruction method that built upon
our previous study (3); see Materials and Methods]. The transmission
of 1.ORIL1 and 1.0RI2 started in China. The transmission of
1.0ORI3 started in India, and transmission of MED and ANT started
in many parts of the world independently. The estimated spread
velocity of all sites is shown in Fig. 1B. The median plague spread
velocity was estimated to be 6.99 km-y™ for all plague genotypes,
5.65 kmy™" for 1.ORIl, 6.04 kmy™' for 1.ORI2, 5.92 km:y~' for
1.0RI3, 8.64 kmy ™" for ANT, and 41.04 km-y~* for 2MED. Note
that these values do not necessarily reflect effect of genotype per se,
as the genotypes occurred in different environments with potentially
different conditions for plague transmission. We analyzed the
spread velocity data using generalized additive models (GAMs; see
Material and Methods) (19) that statistically accounted for spa-
tiotemporal environmental influences, and found that 2.MED
and 1.0ORI3 spread significantly faster than the other genotypes,
while 1.ORI2 spread significantly slower than others (Fig. 2G).

Identification of Influencing Factors on Spread Velocity

The GAM with the best combination of high out-of-sample
predictive power and low model complexity (model 19, SI Ap-
pendix, Table S1) revealed that population density showed a
significant negative association with spread velocity (Fig. 2B).
Percentage of pastureland (Fig. 2C) and primary forest (Fig. 2D)
showed nonlinear associations with spread velocity. Annual
precipitation showed a significant positive association with
spread velocity (Fig. 2F). Annual air temperature showed a

nonlinear, U-shaped association with spread velocity, with a
minimum around 20 °C (Fig. 2E). Finally, while accounting for
these environmental influences, mean spread velocity differed
over time, with a maximum around year 1900 (Fig. 24) and
between regions (Fig. 2H). The estimation of population and
temperature effects appeared to be robust to whichever variables
were included in the model (e.g., omitting year and region); ef-
fects of pastureland, primary forest, and precipitation were
generally consistent among models that included time (year) and
region effects (SI Appendix, Fig. S2).

For the majority of plague genotypes, we found that the spread
velocity of plague tended to decrease in time due to a decrease in
spread distance and an increase in the interval between spreading
events (Fig. 3). Overall, the median spread distance between two
sites was 41.4 km, and the median time interval was 5.08 y. The
spread velocity was strongly positively correlated with spread dis-
tance (SI Appendix, Fig. S3), meaning that long-distance spread
was generally faster than short-distance links. The correlations
between spread speed or distance and population density were
negative (SI Appendix, Fig. S3), suggesting that plague spread
slowly over shorter distances in densely populated places.

Our results further suggested that in areas and/or periods with
annual mean air temperatures around 20 °C, the speed of plague
transmission is reduced compared with at either lower or higher
temperatures (Fig. 2E). A more complex model with similarly
high predictive power as that shown in Fig. 2 (model 24 in S/
Appendix, Fig. S4 and Table S1) suggested that the nonlinear
effect of temperature (as well as vegetation, see SI Appendix, Table
S1) might be region specific; associations between temperature and
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Fig. 2.

Regions

Effects of different environmental variables on velocity of plague spread based on results of the final model selected (S/ Appendix, Table S1). (A-F)
Partial effects of continuous predictor variables on plague spread velocity [In(km-y‘1)]. Gray bands are 95% nominal confidence bands. Red lines are sta-
tistically significant (P < 0.05). (G) Partial effects (+1 SE) of the categorical variable Genotypes, with ANT as reference level. (H) Partial effects of the categorical

variable Regions, with Madagascar as reference level. Asterisks mark the significant genotypes and regions (P < 0.05) in G and H.
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Fig. 3. Yearly time series of spread distance (In[km + 1], with 1 added before In-transformation for presentational reasons), spread time interval (years), and
spread velocity (In[km-y™" + 1]) between two connecting sites for each genotype.

transmission velocity were predominantly negative in regions
colder than 20 °C and predominantly positive in regions warmer
than 20 °C, but with regional differences in the strengths of these
associations.

Discussion

Our study evaluated the impacts of environmental factors on
spread velocity of plague during the Third Pandemic globally.
We found that two strains (2.MED and 1.ORI.3) spread signif-
icantly faster than the other strains. Plague spread faster in less-
populated regions than in densely populated ones. Temperature
and vegetation showed region-dependent nonlinear effects on
spread velocity, while precipitation showed an overall positive
effect. Our results provide insight into the influencing factors in
affecting global transmission velocity of plague, with implications
for plague prevention and control.

The finding of the negative relationship between spread ve-
locity and population density is unexpected. It is widely thought
that disease would spread faster in densely populated areas be-
cause frequent contact between people and goods would facili-
tate disease transmission. One plausible explanation may be that,
in densely populated regions (developed regions), human plague
control interventions might be better than those in sparsely
populated remote areas (undeveloped regions). Another expla-
nation for this difference may be that plague in low-density areas
is more frequently transmitted over long distances by trade or
travel by infected humans, rather than short-distance house-to-
house or neighborhood-to-neighborhood spread within villages
or cities by rat—flea transmission. Our study suggests that al-
though the number of human plague cases may be higher in
densely populated rather than sparsely populated places, the
spreading velocity is lower. The underlying mechanism needs to
be further investigated. In addition, we found that the spread
velocity of plague tended to decrease in time due to a decrease in
spread distance and an increase in the interval between spreading
events (Fig. 3), suggesting that increased human intervention, pre-
vention, and medical treatment capacity contributed to a decrease
in plague dissemination around the world.

The difference of spread velocity of different plague strains
has not been evaluated in the previous literature. We found that
2.MED had the highest spread velocity; hypothetically, this is

11836 | www.pnas.org/cgi/doi/10.1073/pnas.1901366116

due to a higher proportion of the pneumonic form of plague (20,
21). The spread velocity of 1.ORI.3 was significantly higher than
that of 1.ORI1 and 1.ORI2, suggesting that virulence of the
1.0ORI genotype was enhanced during the evolutionary process.

Previous studies have indicated contrasting, and partly in-
consistent, associations between spread velocity of plague and
precipitation (3, 12). Differences may partly be caused by dif-
ferent regions and the temporal or spatial scales used in different
studies (22). In this global-scale study, we found that high pre-
cipitation in infected locations showed a positive association with
spread velocity of plague; it is likely that increased precipitation
generally increased primary productivity, leading to increased
rodent and, consequently, flea density and to increased plague
transmission—a so-called trophic cascade (23, 24).

We speculate that the complex nonlinear association between
temperature and plague spread is caused by the multiple effects
that temperature has on the pathogen, vectors, hosts, and human
behavior. For example, in the United States, percent flea
transmission efficiencies for flea cohorts maintained at 10 and
15 °C also were higher than those for fleas held at 23 °C (25, 26),
which is consistent with the findings that plague spread velocity
decreased with temperatures in this temperature range (Fig. 2E)
and within relatively cold regions, including North America (S
Appendix, Fig. S4J, although not statistically significant here),
Europe and North Africa (SI Appendix, Fig. S4K), and central
Africa (SI Appendix, Fig. S4N). In Madagascar, the develop-
mental rate of two predominant rat flea species (Synopsyllus
fonquerniei and Xenopsylla cheopis) were positively correlated to
temperature, with large differences occurring around 21 °C (27),
which is consistent with the findings that plague spread velocity
increased with temperatures in this temperature range (Fig. 2F)
and within relatively warm regions, including Madagascar (SI
Appendix, Fig. S4F, although not statistically significant), south
and Southeast Asia (SI Appendix, Fig. S4H), eastern Asia (SI Ap-
pendix, Fig. SAL), southern Africa (SI Appendix, Fig. S4M), and
western Africa (SI Appendix, Fig. S40). These observations sug-
gest that temperature had a region-specific nonlinear effect on
flea transmission efficiency.

Similarly to the effects of temperature, our results also sug-
gested nonlinear associations of coverage of pastureland and
forestland with spread velocity (Fig. 2 C and D, but see SI
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Appendix, Fig. S2 showing differences across model formulations
in these effects). The selected model suggested an elevated risk
of plague transmission when coverage of pasture or forest was
high. This was possibly due to abundant populations of plague
hosts and vectors in these habitats compared with cropland or
urban areas (28) or to the areas having poor public health systems.
Transportation has been found to facilitate plague transmission
(3). The observed higher spread velocity of plague in Europe,
North Africa, and eastern South America (Fig. 2H) was likely
related to the more advanced road or water transportation sys-
tems in these regions, compared with the lower spread velocity in
south and Southeast Asia (Fig. 2H).

Earth is facing accelerated climate warming and globalization,
which may impose challenges in plague prevention and control.
Our estimated median spread distance of plague between two
sites was around 40 km, which could be a referenced distance for
taking measures toward isolation and monitoring. Our climate is
becoming warmer, thus it may accelerate plague spread (via flea
transmission efficiency) in warm regions (e.g., Madagascar) but
slow the spread in cold regions. Since climate warming would
increase precipitation in the Northern Hemisphere (29), it may
increase the risk of plague transmission (via benefiting hosts) in
these regions. We should take into account the faster spread of
plague in regions with low population density and a high pro-
portion of pasture- or forestland compared with urban areas.
Our estimated median time interval was around 5 y, which ap-
pears to be the typical period for plague to invade a new place.
This suggests that plague would take some time to adapt to new
environments. Therefore, extensive monitoring and control of
rodents and fleas in newly invaded places is important for lim-
iting plague occurrences. We call for more preventive monitor-
ing and control of plague under accelerated global changes.

Materials and Methods

Data.

Human plague cases. Data on human plague cases were mainly extracted from
the WHO'’s weekly reports from 1926 to 2002 (also including some earlier
records) (https://www.who.int/wer/en/). Human plague cases of China from
1772 to 1964 were obtained from the Institute of Epidemiology and Mi-
crobiology, Chinese Academy of Medical Sciences (30) as described and an-
alyzed by Xu et al. (3). Human plague data from the United States since 1900
were edited from the US Centers for Disease Control and Prevention (CDC)
(12, 31). Earlier plague records from the United States were obtained from
other literature [plague appeared in San Francisco in 1896 (10) and in Hawaii
in 1899 (32, 33)]. Human plague data from Latin America from 1899 to 1936
were extracted from Pollitzer and WHO (10). Reported cases and deaths of
plague in Europe from 1891 to 1950 were collected from the Morbidity and
Mortality Weekly Reports of the CDC. Human plague cases from 1887 to
2008 in Africa were edited from Neerinckx et al. (34); these data, covering 26
countries in total, were compiled from published literature, WHO reports,
and unpublished information obtained from African plague experts and
national health authorities. Human plague data from Sydney from 1899
and 1900 were extracted from Turner (35) and Robinson (36). The spatial
and temporal distributions of the final edited data for the Third Pandemic
period are shown in Figs. 1 and 3.

Y. pestis genotypes. Y. pestis genotypic data were edited from the literature
(7-9, 37-39). Y. pestis strains can be classified into three main genovariants:
1.0Rl, 2.MED, and ANT (9). The numbers indicate the branch on which the
strains were placed on a phylogenetic tree. ANT populations are scattered
on all of the five identified branches, from 0 to 4. In our study, we used data
from three subtypes of 1.0RI (genotypes 1.0RI.1, 1.0RI.2, and 1.0RI.3), from
three subtypes of 2.MED (2.MED1, 2.MED2, and 2.MED3), and from nine
subtypes of ANT (0.ANT1, 0.ANT3, 1.ANT1, 1.ANT2, 1.ANT3, 3.ANT1, 3.ANT2,
3.ANT3, and 4.ANT); all genotypes were kept separated for the re-
construction of paths of spread. However, the genotypes of MED and ANT
were grouped in the statistical analyses of spatial clusters and predictor
effects on spread velocity (for parsimony). The classification of plague ge-
notype was determined based on the multilocus variable-number tandem
repeat analysis method, including genotype data from China (8), Mongolia
(37, 38), India (39), and other parts of the world (7, 9). The genetic data of Y.
pestis were mainly from samples of rodents and other nonhuman hosts,
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vectors, or accidental hosts of plague, while some genetic data were from
patients. Previous studies reported that the genotype of Y. pestis from pa-
tients was highly related to other sources of the same region, suggesting
that plague was a natural zoonosis that spilled over from animal reservoirs
to humans (7, 8). Thus, we assigned to each reported human case the Y.
pestis genotype of the geographically nearest strain found in patients, hosts,
or vectors (Fig. 1). This assumption may cause biases if the genotype of the
focal site was different from that of its nearest site; this can only be im-
proved with more genomic data. In some sites, there were several genotypes
of Y. pestis reported. We assigned these sites with multiple genotypes as
reported, assuming that they might be infected by one of these suspected
genotypes.

Historical human population density and pastureland coverage. Historical data on
human population density and pastureland coverage during our study period
(1772 to 2014 AD) were obtained from the History Database of the Global
Environment (https:/themasites.pbl.nl/tridion/en/themasites/hyde/) (40). We
assigned these data into our human plague case dataset (Dataset S1) by
using both the geographical locations and the temporal period at a decadal
resolution.

Historical forest coverage. Historical forest coverage data from the Historical
Land-Cover Changes and Land-Use Conversions Global Dataset were
obtained from the University Corporation for Atmospheric Research Climate
Data Guide (https://climatedataguide.ucar.edu/climate-data/) (41). The an-
nual land-cover maps and land-use/cover conversion maps were divided into
0.5° x 0.5° grids, showing 28 land-cover types. We used three types of land
cover as regrouped by Meiyappan and Jain (41): primary (old-growth) forest,
secondary forest (i.e., regrowth forests after a disturbance such as timber
harvest), and others.

Annual mean temperature and annual total precipitation. Annual mean temper-
ature and annual total precipitation during the study period (1772 AD to
present) were extracted from two global datasets. For the period from 1901
to 2016 AD, the temperature and precipitation were from the observation-
based Climatic Research Unit (University of East Anglia) TS4.01 dataset (42),
which has a spatial resolution of 0.5° x 0.5°. For the period from 1772 to
1900 AD, the climate data were from a global climate model (Earth Sys-
tem Model developed by the Max Planck Institute for Meteorology) simu-
lation for the last millennium (https://www.earthsystemcog.org/projects/cog/
esgf_climate_model_metadata), which belongs to the Paleoclimate Model-
ling Intercomparison Project Phase Ill. Because the spatial resolution of these
data were T63 (about 2° x 2°), we performed a bilinear interpolation of the
data into 0.5° x 0.5° grids to match our data resolution for the later period
of 1901 to 2016 AD.

Plague Spread Velocities. Following our previous study (3), we used the NNA
to reconstruct the transmission routes and spread velocity of plague during
the Third Pandemic period. The routes were mapped based on the first
appearance of human plague at different locations. The NNA assumed that
the first plague case in a given invasion location i was transmitted from the
spatially nearest location (source location j) where plague had been recor-
ded earlier. Our previous study indicated that the NNA was robust to missing
sites (3). As an improvement to the previous NNA method, in this study, we
reconstructed the transmission routes constrained by genotype (g-NNA). The
g-NNA method assumed that plague spread only within locations of the
same Y. pestis genotype (i.e., the genotype of human plague was the same
at locations i and j). Specifically, source location j of location i was found
iteratively by finding the location j that gave

min(Geodlis(location;, location;))if : year; < year;, genotype; = genotype;.

We calculated the In-scale spread velocity V;; [In(km-y~")] by calculating the
geographic distance between locations i and j [Geodis(location;, location))]
and dividing by the time interval (year; — year;) between the first record of
plague at the two locations (3):

Geodis(location;, Iocation,-))

Vij= ’”<
year; — year;

GAMs. To estimate the effects of predictor variables on the speed of human
plague spread, we analyzed spread velocity data (V;) using GAMs (19) fol-
lowing Xu et al. (3, 20). The mgcv package (version 1.7-6) of the statistical
programming environment R was used for these analyses (43). We used
cross-validation to find the model formulation that provided the best out-of-
sample predictive power (S Appendix, Table S1). The initial candidate
models of spread velocity included the following environmental predictor
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variables: population density [In(number of people per square kilometer)],
pastureland coverage (%), primary forest coverage (%), secondary forest
coverage (%), annual mean temperature (°C), and annual total precipitation
(mm). We also considered plague genotype (Genotype;) as a predictor var-
iable and included year and geographic location (alternatively quantified as
a tensor product smooth of longitude and latitude or as region identified by
spatial clustering analysis; see S/ Appendix, Fig. S1) as variables for ac-
counting for temporal and spatial trends caused by factors not explicitly
modeled by the environmental variables. We also tested whether effects of
environmental variables were genotype or region specific. We got the fol-
lowing final model, based on model selection, which took into account both
maximizing out-of-sample predictive power [lower cross-validation root-
mean-squared prediction error (CV)] and minimizing model complexity [lower
total degrees of freedom of predictor functions (df)] (S/ Appendix, Table S1):

Vit =a+ b(Year;) + d'(Region;) + d(Genotype;) + e(Pop ) + f (Pasture; )
+h(Prifor;¢) + m(Temp ) + n(Preciz) + &,z

Where V;; (or, equivalently, V;;:) is the In-scale plague spread velocity to
location i (from location j), occurring at time t. Parameter a is the overall
intercept. b(Yeary) is a smooth function of invasive time of plague into lo-
cation i.d(Genotype;) is an effect of the categorical variable of genotype at
location i. d’(Region;) is an effect of the categorical variable of region as
identified by spatial clustering without constraint by genotypes. e(Pop;:),
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f(Pasture;¢), h(PriFor;+), m(Temp;j.), and n(Prec;;) are, respectively, smooth
functions of population density, pastureland coverage, primary forest cov-
erage, and temperature and precipitation in location j and time t. All
smooth functions are cubic regression spline functions with maximally 3 df.
The model selection is summarized in S/ Appendix, Table S1, and the fitted
covariate effects under alternative model formulations are shown in S/ Ap-
pendix, Fig. S2. Inspection of pairwise and multivariate associations between
the predictor variables in the final model did not reveal serious identifi-
ability problems, with the strongest correlations being between Pop and
Pasture, between Prec and PriFor, and between Prec and Temp (SI Appendix,
Fig. S5).
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