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Significance

Plague killed millions of people 
during the three pandemics in the 
past two millennia. Despite much 
research, it remains unclear 
whether persistent natural plague 
reservoirs existed in Europe. To 
examine this question, we have 
developed a statistical model 
based on high-resolution and 
long-term environmental data. 
From it, we have found no 
evidence for persistent natural 
plague reservoirs in historical or 
contemporary Europe. This 
suggests that the plague bacterium 
was repeatedly introduced to 
Europe, although it might have 
survived in local medium-term 
reservoirs. Finally, we question the 
importance of wildlife rodents as 
the main hosts in Europe. These 
findings have wide-ranging 
significance for the study of human 
plague through history and provide 
new tools for resolving century-
long enigmas posed by plague.
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Caused by Yersinia pestis, plague ravaged the world through three known pandemics: the 
First or the Justinianic (6th–8th century); the Second (beginning with the Black Death 
during c.1338–1353 and lasting until the 19th century); and the Third (which became 
global in 1894). It is debatable whether Y. pestis persisted in European wildlife reservoirs 
or was repeatedly introduced from outside Europe (as covered by European Union and 
the British Isles). Here, we analyze environmental data (soil characteristics and climate) 
from active Chinese plague reservoirs to assess whether such environmental conditions 
in Europe had ever supported “natural plague reservoirs”. We have used new statistical 
methods which are validated through predicting the presence of modern plague reservoirs 
in the western United States. We find no support for persistent natural plague reservoirs 
in either historical or modern Europe. Two factors make Europe unfavorable for long-
term plague reservoirs: 1) Soil texture and biochemistry and 2) low rodent diversity. By 
comparing rodent communities in Europe with those in China and the United States, 
we conclude that a lack of suitable host species might be the main reason for the absence 
of plague reservoirs in Europe today. These findings support the hypothesis that long-
term plague reservoirs did not exist in Europe and therefore question the importance 
of wildlife rodent species as the primary plague hosts in Europe.

Yersinia pestis | natural plague reservoirs | Europe | environmental conditions | rodent diversity

The plague’s agent, Yersinia pestis, is primarily found in wildlife mammals but occasionally 
spills over to human populations. Its wildlife host species typically consist of a range of 
burrow-dwelling rodents (1), comprising of 279 species. Human infections usually occur 
after rodent–host populations remain above certain population thresholds for a few years 
before collapsing (2). Between high prevalence of the bacterium in the wild and subsequent 
plague outbreaks in humans, the bacteria can survive in what is typically described as a 
“natural plague reservoir,” i.e., a place where suitable rodent hosts, their flea vectors, and 
the pathogen (either within or outside their hosts and vectors) can exist indefinitely.

Yersinia pestis has caused at least three extensive human plague pandemics (3–7): the 
First Plague Pandemic starting with the Justinianic Plague from 541-2 to ca. 750 CE; the 
Second Plague Pandemic begun with the Black Death of c.1338–1353 and was followed 
by numerous outbreaks until the mid-19th century CE; and the Third Plague Pandemic 
(8) that started in 1772 as a local epidemic in Yunnan but became a global pandemic only 
in 1894 and continues today in various parts of the world. Plague has been reported 
historically to be present on all continents, except Antarctica (9). It remains contested, 
however, whether plague reservoirs existed in Europe in the past (2, 10–12). It has been 
argued that medium-term plague reservoirs may have existed in Europe, such as the one 
hypothesized for South-Central Germany in the later 14th century and another in Central 
Europe (possibly the Alps) in the late 15th- early 17th centuries, before becoming extinct 
(see Table 1) (13–16). However, it is not clear whether the plague bacterium settled within 
Europe during the late Middle Ages or was repeatedly reintroduced (through human 
transport) from beyond its borders (possibly from the same region) (11).

To advance the debate in understanding whether plague reservoirs could have existed 
given the ecology of Europe in its premodern past, we have statistically evaluated the 
environmental conditions characterizing active Chinese rodent-based reservoirs today. For 
this analysis, we have used data on current soil composition, meteorology, and elevation 
from active plague reservoirs in China (see Materials and Methods) and have applied the 
conditional minimum average variance estimation (MAVE) (20) method to reduce the 
dimension of the covariates and establish the model (see Materials and Methods).

We then validated our China-fitted model by checking whether it could predict the 
currently active plague reservoirs in the United States. We then employed the China-fitted 
model (validated by the US data) to predict the presence and geographic distribution of D
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plague reservoirs in Europe (as covered by the European Union 
plus the British Isles). For Europe, we further considered two 
annually resolved and absolutely dated summer temperatures and 
hydroclimate reconstructions to assess whether climatic conditions 
during the past 2,000 y allowed plague reservoirs to form and 
persist (see Materials and Methods).

Results and Discussion

In the China-fitted model, all covariates exhibit some degrees of 
nonlinearity. In general, higher soil concentrations of cadmium 
(Cd), copper (Cu), iron (Fe), magnesium (Mg), sodium (Na), anti-
mony (Sb), and uranium (U), together with an overall high soil 
pH, tended to be associated with higher chances of plague reservoir 
formation, while the opposite was true with concentrations of cal-
cium (Ca), cerium (Ce), molybdenum (Mo), and yttrium (Y). 
Furthermore, elevation was associated with higher chances of plague 
reservoir emergence, while the opposite was true for annual mean 
temperature (AMT) and annual precipitation (AP) (see SI Appendix, 
Table S16 and Fig. S26 and further discussion in SI Appendix).

Previous studies have found relationships between specific soil 
attributes and plague reservoirs (21). Some of these are consistent 
with our results based on the Chinese conditions, while others 
are not. For example, it has been found that plague reservoirs in 
China tend to lie in areas where soils enriched with calcium or 
iron are prevalent (22). Consistently, Pauling et al. (23) discovered 
a strong positive correlation between the quantity of soil calcium 
carbonate and the occurrence of plague in black-tailed prairie 
dogs (Cynomys ludovicianus) in the Western United States. The 
importance of calcium could be associated with its role in the 
formation of the cuticle of insects, including fleas. Another study 
in the Western United States (24), based on an ecological niche 
model, also supports the thesis that long-term persistence of 
plague reservoirs depends on soil conditions, such as lower soil 
concentrations of Fe and Na. Moreover, a field survey in Algeria 
(25) and a modeling study linking plague cases and outbreaks to 
specific soil characteristics in the United States demonstrated that 
Y. pestis could survive outside its host in saline soil (26) (e.g., with 
concentrations of NaCl higher than 40 g/L), implying that the 
salt tolerance of Y. pestis might play a role in maintaining plague 

reservoirs, possibly by rendering the bacterium into an L form. 
In addition, Mezentsev et al. (27) conducted animal experiments 
(using three species of gerbil, Rhombomys opimus, Meriones merid-
ianus, and M. tamariscinus) providing evidence of the effect of 
different metals or metal combinations on the course of Y. pestis 
infection. These results support the hypothesis that the metal 
composition and availability (determined by soil texture, moisture 
content, and pH) in the soil environment, where it can be ingested 
by rodents, may be an important parameter influencing plague 
development in wild (sylvatic) rodents. Metal concentrations in 
soils might change the concentrations of the corresponding ions 
in both animals and humans through bioaccumulation along the 
food chain (28–30). Moreover, plague-competent host rodents 
were found in similar numbers in areas with and without plague 
reservoirs, suggesting that appropriate host species and suitable 
soil characteristics are necessary for the maintenance of plague 
reservoirs.

In addition to metal elements in soil, several previous studies 
suggested that soil pH supports the development of a plague 
reservoir, as it can impact Y. pestis and possibly flea larvae devel-
opment (23, 24, 31). These results are consistent with the fact 
that soil pH greatly affects the availability and mobility of var-
ious metals in soil, including several key elements associated 
with plague, such as Ca and Fe. The importance of these ele-
ments may partially explain why soil pH appears in the China-
fitted model. Finally, few studies have addressed the role of other 
soil metals (including Cd, Mg, Sb, U, Ce, Mo, and Y), which 
may be essential to the formation of plague reservoirs. Additional 
on-site observations and experiments are necessary to determine 
the effects of other metals on Y. pestis in vivo. To gain further 
insights, maps overlaying the spatial distribution of current 
plague reservoirs with selected soil attributes are provided in 
SI Appendix.

Plague reservoirs are common at high elevation, such as in the 
highlands of the Tian-Shan, Pamir, and Altai ranges (2,300–4,000 m 
above sea level) (32, 33), the Qinghai–Tibet plateau (3,000–5,000 m 
above sea level) (34, 35), the plateaus in the Great Lakes highland 
region of East Africa (1,200–2,000 m above sea level) (36), and 
the Central and Northern Highlands of Madagascar (higher than 
800 m above sea level) (37). Elevation may not directly influence 
plague transmission, but it can create favorable conditions for 
plague hosts and their vectors to coexist (38). Likewise, tempera-
ture and precipitation may indirectly affect rodent and flea 
population dynamics and behavior (39–41). The relationship 
between host species and plague is complex (42), and the presence 
of competent host species does not guarantee the presence of 
plague (43), which we are currently investigating. However, on a 
continental scale, host distributions play an important role in the 
distribution of plague (44).

We tested a reduced model by removing the covariate nHost 
(the number of species of mammalian plague hosts) from the final 
model. It resulted in a decrease in the percentage of explained 
variation from 91.7 to 83.6%, demonstrating the high explanatory 
power of nHost (see further discussion in SI Appendix). The num-
ber of plague-host species is thus one of the key predictors of the 
presence of plague reservoirs. A lower number of plague-host spe-
cies may imply the lack of plague-competent rodent-host species 
(SI Appendix, Table S4). Mahmoudi, et al. (1) recently collected 
taxonomic details on plague reservoir species and mapped their 
distribution across the world, finding that these species are pre-
dominantly of the order of Rodentia. The species richness of 
Rodentia, and presumably of their associated flea species, in China 
and the United States is significantly higher than those in Europe 
(P < 0.001) (derived from SI Appendix, Fig. S8). This suggests that 

Table 1. Previously proposed localities for putative 
plague reservoirs in Western–Central Europe in the past
Pandemic Period Place Sources

First Late 6th – mid-
8th century

Iberian Penin-
sula

(17)

Second c.1349–c.1400 South–Central 
Germany

(13, 14)

Second c.1348–c.1640 Southern Alps* 
& Pyrenees

(15)

Second c.1460–c.1640 Central Europe (13)

Second 16th–early 19th 
century

The Balkans (18)

Second c.1348–c.1500 Temperate 
climate zone of 
Europe, includ-
ing East Anglia 

(UK)

(16)

Third c.1906–1918 East Suffolk 
(UK)**

(16,19)

*The Maritime and French Alps.

**The several cases reconstructed for the period 1906–1918 have been clarified to have 
been due to repeated introductions of plague on regional waterways (8,19).
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European rodent and ectoparasite communities may not be con-
ducive to plague reservoirs to develop in Europe. In addition, the 
mean values of nHost (per area) are significantly different (P < 
0.001, SI Appendix, Table S3) between China (mean value: 15), 
the United States (mean value: 20), and Europe (mean value: 12). 
Despite the robustness of our results, further studies in the field 
are needed to determine the mechanisms underlying the patterns 
documented above.

We then constructed confidence intervals and tested for each 
estimated probability of a plague reservoir in China, the United 
States, and Europe (Fig. 1). Our predictions also relied on tests of 
significance that compared the locations of real plague reservoirs 
(see Materials and Methods). The level of accuracy for China and 
the United States was 87.0% and 77.5%, respectively. The model 
predicted negligible plague reservoirs for Europe (see Fig. 1). The 
model is validated, with any variations in predictability contingent 

on differing climate niches of plague between China and the 
United States (44) (see Materials and Methods). According to the 
same analysis, only 0.6% of Europe was predicted to have condi-
tions commensurate with plague reservoirs; these potential loca-
tions appear in parts of Spain, Portugal, Southern France, Western/
Central Italy, and Eastern Greece.

We then combined the model-based metrics of the current 
climate envelope of plague risk (i.e., AMT, AP, isothermality 
(ISO), temperature seasonality, and precipitation seasonality) with 
past climate proxy records to assess whether more suitable condi-
tions for plague reservoirs in Europe might have occurred over the 
past 2,000 y (see Materials and Methods).

Fig. 2 illustrates these percentages over time for various regions 
of Europe. They remain low, and, in fact, lower than what is 
predicted for the presence of plague reservoirs in Europe today 
(0.6%). Nonetheless, a few peaks appear around the early 4th, 
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Fig. 1. Spatial distribution of predicted plague reservoirs (in red) and areas predicted to have no plague reservoirs (in gray) in China (A), the United States (B), 
and Europe (C), and results of significance tests of estimated probabilities of current plague reservoirs compared with real surveillance data (D). The data from 
China, the United States, and Europe were used as the training set, the validation set, and the prediction set, respectively. In China, 74.4% of the areas are 
nonplague reservoirs (71.2% are correctly predicted and 3.2% incorrectly predicted) and 25.7% of the areas are plague reservoirs (15.8% are correctly predicted 
and 9.9% incorrectly predicted). (Note: The total of 100.1% is due to rounding errors.) In the United States, 24.1% of the areas are plague reservoirs (12.6% are 
correctly predicted and 11.5% incorrectly predicted) and 75.9% of the areas are nonplague reservoirs (64.9% were correctly predicted and 11.0% incorrectly 
predicted). Note that no data is available from Taiwan or the Balkans (excluding Croatia, Albania and Greece).D
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11th, and 16th centuries. Yet, none of these correspond with the 
regions or time periods for which plague reservoirs have been 
hypothesized for Europe (see Table 1).

Fig. 3 depicts the regions hypothesized as having had plague 
reservoirs (see Table 1), corresponding to the Iberian Peninsula, 
late 6th – mid-8th century (Fig. 3A); South-Central Germany, 
c.1349–c.1400 (Fig. 3B); the Southern Alps, from c.1348 through 
the 16th century (Fig. 3C); Central Europe from c.1460 to c.1640 
and the temperate climate zone of Europe, c.1348–c.1500 (Fig. 
3D); the Balkans from 16th through 19th centuries (Fig. 3E), and 
East Suffolk, UK, c.1906–1918 (Fig. 3F). The figure graphically 
illustrates the disparity between those earlier studies and the pre-
diction results of our analyses. Precipitation was a stronger factor 
than temperature in sustaining plague reservoirs (SI Appendix). 
The evidence shown in Fig. 3 (together with the annual prediction 
results over the past 2,000 y) fails to support any of the present 
claims for historical long-term plague reservoirs in Europe.

Conclusions

Our analyses strongly suggest that local environmental factors in 
Western and Central Europe, including the chemical composition 
of the soil, altitude, and climates, did not provide favorable con-
ditions for persistent long-term plague reservoirs maintained by 
wild rodents and their ectoparasites (11, 12, 45, 46). Indeed, no 
local European plague outbreaks have arisen over the last century 
(8, 47), while such outbreaks continued to occur across Asia, 
Africa, and the Americas (48). Our analyses, however, do not 
eliminate the possible existence of putative short- to medium-term 
reservoirs in the Mediterranean regions of Spain, Greece, Italy, 
and France, as well as in Central Europe in the 14th–17th centu-
ries, and the Balkans in the 16th–19th centuries–as have been 
previously proposed (13–15,18). To appreciate how such putative 
European reservoirs might have existed for decades or even cen-
turies, historians, archaeologists, soil scientists, and biologists need 

to collaborate to investigate other factors that sustained them (49). 
This will require exploring the complex relationships between 
European rodents, their fleas, and their ecologies, along with 
humans and their ectoparasites, as possible plague hosts and vec-
tors after Y. pestis arrived in European ports from natural wildlife 
reservoirs in the East. Their existence may explain some sub-
branches of the extant Y. pestis phylogeny. We argue that such 
medium-term historic plague reservoirs in Europe were geograph-
ically limited and not persistent, as compared with the long-lasting 
extensive reservoirs in large regions of China and the United 
States.

Such multidisciplinary collaboration would open another new 
field in plague studies–not the least regarding why human plague 
was so prevalent in Europe during the medieval and early modern 
period. We now know that plague initially arrived into Europe from 
Central Asia in the late 1340s (50). On the one hand, this initial 
introduction does not mean plague was necessarily reintroduced 
multiple times into Europe. Indeed, there is some phylogenetic 
evidence suggesting that it may have dwelled in native European 
wild animal reservoir or reservoirs, capable of maintaining the bac-
terium for a long period (13, 14). On the other hand, and as pre-
viously suggested (2, 8, 11, 45, 47), human movements may have 
provided the primary conduits for the reintroduction and persis-
tence of plague in Europe. Human movements may also account 
for the current Y. pestis phylogeny (11, 51–53), if we consider that 
plague was reimported more than once (via commercial routes) 
from faraway reservoir(s) (11) and spread in Europe by human 
chains of transmission due to contacts with infected persons or pets, 
their ectoparasites, or their belongings, as suggested during the 
Third Plague Pandemic (8, 54).

Importantly, both medium-term native rodent reservoir(s) and 
reintroductions are not mutually inclusive scenarios. We should, 
indeed, not exclude the possibility that an animal reservoir may 
have existed: native European reservoir or reservoirs capable of 
maintaining the bacterium for a long period thus remain a 
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Fig. 2. Area percentage of predicted plague reservoirs of Europe over the past 2,000 y, together with the percentage of predicted plague reservoirs in each 
country (i.e., France, Greece, Italy, Portugal, and Spain) with different countries indicated by different colors. (Note that the percentage values are averaged 
values for every 30 y.) The three historical plague pandemic periods—the First, Second, and Third Plague Pandemics—are marked in gray.D
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possibility. This possibility may explain some molecular evidences 
suggesting that plague was not necessarily reintroduced multiple 
times into Europe. This controversy remains to be settled.

Multidisciplinary research, involving soil scientists, archaeolo-
gists, historians, and biologists, is now needed to answer the ques-
tions and controversies we have posed above and the broader 
implications of our findings. It is clear though from our analyses 
that the persistence of environmental conditions concerning soil 
and climate in Europe meant that persistent, long-term natural 
plague reservoirs over the past 2,000 y would have been even less 
likely in Europe historically than they are today, when it seems 
clear that no plague reservoir exists in that continent.

Materials and Methods

Plague Reservoir Data. Across China’s mainland, 319 counties host plague 
reservoirs and have been classified into four categories according to the risk of 
plague outbreaks (SI Appendix, section 1.1). We devised a statistical model for 
China’s mainland because it has the following characteristics: (a) long-term con-
tinuous records of plague since 1772 (41), (b) stable plague reservoirs (22), and 
(c) an excellent monitoring system (55). We overlaid a fine grid mesh of approxi-
mately 10 × 10 km2 (i.e., 5 arc minutes) with the boundaries of the 319 counties 
to construct a binary dependent variable, “bActive”. Currently active reservoirs 
are classified as belonging to categories I and II (Fig. S2). In particular, bActive 
is assigned the value 1, if the geometric center of one grid is within the county 
of an active plague reservoir; otherwise, it is 0. We also tested other methods 
of assignment; for instance, we assigned bActive to 1, if the geometric center 
of one grid is within a county with reservoirs in categories I, II, or III; otherwise, 
it is 0. That method did not affect the results of this study. Meanwhile, we have 

extracted the plague reservoirs known in the United States (Fig. S3) by digitizing 
and merging two maps: one showing positive rodent samples in California (56); 
the other representing plague-positive counties in Western United States (57). 
Note that the map shown in Fig. S1 was just used to show the general spatial 
distribution of plague reservoirs around the world, rather than to construct the 
independent variable bActive.

Environmental Data. To assess environmental impacts as comprehensively 
as possible, we began with a large dataset of 44 environmental variables rep-
resenting soil properties, meteorological data, elevation, and spatial distribu-
tion of plague hosts, as listed below. To be consistent with the above plague 
reservoir data, all the environmental data were converted to a raster layer at a 
spatial resolution of approximately 10 × 10 km2. Consequently, the sample sizes 
were 139,064, 118,365, and 87,127 for China, the United States, and Europe, 
respectively.

Soil geochemical data. Three different datasets, all collected by authoritative 
organizations (SI Appendix, Table S1), were used to extract the soil geochemical 
data of 33 elements, for example Ca, Fe, Mg, and Na. Because of data availability 
in the soil geochemical dataset, we restricted our study to areas of China, the 
United States, and Europe (SI Appendix, Fig. S2). The soil geochemical data for 
China were obtained by digitizing the maps of background values of soil elements 
at 1:25,000,000 scale (58). Then, the digitized shapefile was converted to raster 
data based on the maximum area method. For the United States (59) and Europe 
(60), the original sampled data were downloaded and interpolated through the 
inverse distance weighted method in ArcGIS 10.3 (see SI Appendix, sections 1.2.1 
and 1.2.3 for more detailed descriptions of the processing of soil geochemical 
datasets). Note that we have such comprehensive soil geochemical data only for 
China’s mainland (i.e., no data for Taiwan), the continental United States (i.e., no 
data for Alaska, Hawaii, or Puerto Rico), and some European countries (i.e., no 
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Fig. 3. Marked in red are the regions in Europe proposed to have possessed historical plague reservoirs over the three pandemics and are compared with 
our predictions of environmental conditions suitable for the formation and persistence of plague reservoirs. (A) The earliest authenticated plague pandemic 
(the Justinianic Plague, late 6th – mid-8th century). Historians and scientists have claimed that plague reservoirs in Europe during the Second Plague Pandemic 
include (B) South–Central Germany (c.1349–c.1400), (C) Southern Alps (c.1348–c.1640), (D) Central Europe (c.1460–c.1640), (E) the Balkans (16th-early 19th 
century), and (F) England (c.1348–c.1500 and c.1906–1918) (see Table 1). Note that the years labeled in this figure are just 30-y periods which overlap with the 
beginning or activation of the putative reservoirs, rather than the entire periods during which the same reservoirs are hypothesised to have existed in Table 1.
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data for Eastern Europe). To the best of our knowledge and up to the time of our 
study, no such data were available for the rest of the world. Regarding our use of 
the terms China, the United States, and Europe in this study, it should be noted 
that we are not referring to their geographical entireties.

Additional soil attributes. Other soil attributes, such as cation exchange 
capacity (CEC), clay content (clay, 0–2 um), pH value, and soil organic carbon 
content (SOC), may also affect the development and persistence of plague 
reservoirs. To be consistent with the sampling depth (SI Appendix, Table S1) of 
the above geochemical data, the data for CEC, clay, pH, and SOC from that depth 
were extracted from SoilGrids (61), a widely used global gridded soil dataset. 
Data with a spatial resolution of 0.1 arc degree (approximately 10 km) were 
selected and downloaded. They were then aligned by the “nearest neighbor” 
method to spatially match the plague reservoir data. See SI Appendix, Table 
S3 and SI Appendix for a more detailed description of the data for CEC, clay, 
pH, and SOC.

Bioclimatic variables. Climatic conditions have long been regarded as one of the 
most important factors in ecological studies. We extracted data for five variables 
from WorldClim 2.0 (62) with a spatial resolution of 5 arc minutes: AP, AMT, ISO, 
temperature seasonality, and precipitation seasonality. Only three raw variables in 
WorldClim 2.0 are used to extract a total of 19 variables: average minimum temper-
ature, average maximum temperature, and total precipitation for each month. Thus, 
they are highly correlated with each other. The five variables we selected are the ones 
which best represent annual trends and seasonality for temperature and precipi-
tation and best describe the principal components of all the WorldClim variables. 
Adding more WorldClim variables will not improve the predictability of the model 
within the framework of the sufficient dimension reduction method, such as MAVE, 
which assumes that the directions of the reduced central subspace are orthogonal 
to each other (see SI Appendix, Table S3 and SI Appendix for further detail).

Elevation. Global Multi-resolution Terrain Elevation Data (GMTED2010) (63)—a 
suitable data source for information on the elevation for working at the continen-
tal scale—was obtained at a spatial resolution of 30 arc second (approximately 
1 km) and resampled by the bilinear method to spatially match the plague reser-
voir data. (A more detailed description of elevation can be found in SI Appendix.)

Spatial distribution of plague host. A list of plague hosts was kindly provided 
by Mahmoudi et al. (1) The list was compared with species in the IUCN Red List 
of Threatened Species (64), resulting in a total of 339 plague hosts. Based on 
the spatial distribution data of these identified hosts, the number of species of 
mammalian hosts (denoted as nHost) at every fine grid node was counted; the 
fine grids were the same as those of the plague reservoir data. (A description of 
the nHost data obtained can be found in SI Appendix.)

Modeling Approach. A sufficient dimension reduction method, MAVE (20) 
(conditional MAVE), is used to establish the quantitative relationships between 
the spatial distribution of active plague reservoirs and potential (and yet to be 
identified) environmental conditions. A regression-type model for dimension 
reduction can be written as:

where g is an unknown smooth (typically nonlinear) link function, 
B0 = (�1, … , �D) is a p × D orthogonal matrix (BT

0
B0 = ID×D) with D < p and 

E(� |X ) = 0 almost surely. When it holds, the projection of the p-dimensional 
covariates X onto the D-dimensional subspace BT

0
X captures all the information 

that is provided by X on y. The D-dimensional subspace BT
0
X, which is also called 

the effective dimension reduction (EDR) space, is what we are going to find, i.e., 
to estimate the matrix B0.

MAVE is an adaptive estimation, based on semiparametric models, of the 
EDR space (20,65). Compared with other dimension reduction methods, MAVE 
has the advantage of enabling a faster consistency rate without undersmoothing 
the nonparametric link function estimator. MAVE is applicable to a wide range of 
models, with fewer restrictions on the distribution of covariates. Since it enables 
a faster rate of consistency for the parameter estimators, it is possible to esti-
mate the dimension of the space consistently, with fewer observations. As it is a 
regression-type model, it captures the most relevant information contained in the 
covariates X for the prediction/explanation of the response variable y. We use the 
R package “MAVE” and “earth” for our exercise of MAVE method.

Because y is a binary variable, MAVE will return an estimate of probability 
value P(y = 1) directly (66). In the literature, it is recommended that transforming 
covariates X closer to normality is optimal (67). The crossvalidation method is 
used to find the best choice of dimension of EDR space. Thereafter, we derive 
the estimated probability of occurrence of a plague reservoir, denoted by ŷi. By 
assuming that the error term � in the model follows a normal distribution, the 
estimated ŷi  follows a normal distribution, with standard deviation of the fitted 
residuals  as its estimated standard deviation. Then the confidence interval for ŷi  
can be constructed and a significance test conducted (see SI Appendix for more 
detail). All analyses were carried out in the R environment (version 4.0.3).

Selection of Explanatory Variables and Dimension of EDR Space. The MAVE 
method was first applied to all the 44 covariates to conduct dimension reduction. 
Crossvalidation approaches are commonly used to penalize the complexity of the 
model and determine the dimension of EDR space (20,65). Using the crossvalidation 
method, we have found that the best choice of dimension of EDR space is 4. Using 
the regression-type model of dimension reduction with dimension 4, we conducted 
predictions for China, the United States, and Europe. (The prediction works well for 
China, but not equally well for the United States. The poorer performance for the 
latter is probably because some of the 44 covariates do not supply any information on 
the occurrence of plague reservoirs, thereby introducing noise to the modeling.) We 
then streamlined the number of covariates by reference to the direction estimates of 
MAVE and reran MAVE. As a result, 29 covariates with relatively larger absolute values 
of coefficients of EDR direction estimates were selected (SI Appendix).

We conducted dimension reduction for the 29 selected covariates. Using the 
crossvalidation method, EDR was achieved at dimension 5 (SI Appendix, Table 
S7). Note that d with the smallest CV(d) value is the estimated dimension, with 
d = dimension. As we use standardized covariates, we can interpret the CV(d) 
value as a percentage of unexplained variation.

In addition, we also explored the possible influence on the model predic-
tion by incorporating new variables, such as the length of the growing season. 
However, the result shows that there is little benefit in terms of improving the pre-
diction capability of the model by adding new variables (SI Appendix, section 3.5).

Predictions of Plague Reservoirs and Test of Conditional Effects. A robust 
and accurate model of China’s plague reservoirs was established via MAVE, illus-
trating the relationship between the occurrence of reservoirs and explanatory 
variables. To validate this model, it was then used to obtain the probability of 
plague reservoir occurrence for the United States. In other words, the China 
data and the USA data were used as the training set and the validation set, 
respectively. We calculated the AUC value using predicted probabilities and 
the real surveillance data to evaluate the performance of prediction. (The AUC 
value signifies the area under the receiver operating characteristic curve, which 
is used to evaluate the relationship between sensitivity and specificity of a binary 
classifier with ranges between 0 and 1, with 1 being the best.) The AUC value 
is 0.932 for China and 0.851 for the United States, suggesting that the model 
performs very well. Significance tests were carried out (at the 95%, 90%, and 
80% levels of significance) for each site, using the standard deviation of the 
fitted residuals (�̂ = 0. 30). This evidence suggests that the Chinese model can 
be used for the European data. Consequently, we have observed remarkably low 
estimated probabilities of plague reservoirs occurring across Europe (see Fig. 1 
and more in SI Appendix.)

The qualitative conditional effect of each explanatory variable was further 
investigated by fixing all elements but one and varying the single free element. 
The fixed elements were each set at their average values for the known active 
Chinese reservoirs. For the free element, we varied that continuously across the 
obtained range in China. Plots were generated, indicating the positive, negative, 
or nonlinear relationship between each covariate and the probability of occur-
rence of plague reservoir. The result was further verified and adjusted by partial 
variable selection, linear combinations of variables, and logarithmic transforma-
tions for compositional data (SI Appendix).

Predictions for the Past 2,000 Y. With the availability of climate reconstruc-
tion data, we can assess whether there might have been more conducive con-
ditions for plague reservoirs to form and persist over the past 2,000 y. Using 
the Annual Eurasian JJA Temperature (68) and Annual Central European JJA 
scPDSI anomalies (69), we built a linear relationship between the two climate 
reconstruction variables and the five bioclimatic variables in the model to 

y = g(BT
0
X ) + �,
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adjust the value of bioclimatic variables with equivalent amount of climatic 
difference between the past and the present. A 30-y moving average of each 
climatic variable has been used to capture the climatic change for a period 
instead of a single year. Three regression models were established to cope with 
different climatic changes for Northern Europe, Central Europe, and Southern 
Europe. After the adjustment, we standardized the bioclimatic variables, using 
the same parameters as earlier (i.e., mean, standard deviation, parameter for 
Box-Cox transformation, etc.) in validating the use of the model. Prediction and 
significance tests were then conducted, following the previous procedure for 
the 30-y periods. We also employed 20-y and 40-y moving averages and have 
discussed the results (SI Appendix).

Historians have claimed several hypothesized plague reservoirs in Europe 
during the three pandemics, in the Mediterranean region, Central Germany, 
Southern Alps, England, and the Balkans. Predictions for Europe over the past 
2,000 y are compared with these historically claimed plague reservoirs accord-
ing to their periods of occurrence. This paper offers new insights into this.

Data, Materials, and Software Availability. The R code used for statistical 
analyses is listed in Code S1, and all the relevant data are listed in Datasets S1–S7.
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