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A 56-year time series of human plague cases
(Yersinia pestis) in the western United States
was used to explore the effects of climatic
patterns on plague levels. We found that the
Pacific Decadal Oscillation (PDO), together
with previous plague levels and above-normal
temperatures, explained much of the plague
variability. We propose that the PDO’s impact on
plague is conveyed via its effect on precipitation
and temperature and the effect of precipitation
and temperature on plague hosts and vectors:
warmer and wetter climate leading to increased
plague activity and thus an increased number
of human cases. Our analysis furthermore pro-
vides insights into the consistency of plague
mechanisms at larger scales.
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1. INTRODUCTION
Bubonic plague (caused by the bacterium Yersinia
pestis) is found on all continents (except Antarctica and
Australia; Stenseth et al. 2008), is currently recognized
as a re-emerging disease for humans (World Health
Organization 2003, 2005) and a potential bioterrorism
threat (Daszak et al. 2000). Plague is a wildlife disease
maintained within host reservoirs (primarily small
mammals, rodents) and transmitted among host indi-
viduals by flea, vectors (figure S1, electronic supple-
mentary material; Gage & Kosoy 2005). During
periods of epizootics, susceptible hosts, domestic
animals and humans are at risk of infection. These
periods most likely correspond to increased density
and prevalence levels in both hosts and vectors (Gage
et al. 1995; Parmenter et al. 1999; Gage & Kosoy
2005). Four hundred and thirty human cases of plague
have been reported for the western United States
since 1950 (with a mean number of 7 per year; see
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MMWR Dispatch 2006; K. L. Gage 2007, unpub-
lished data). From 1975 to 1989 and 1992 to 1995,
an above-average number of human cases were
reported (figure 1b), peaking in 1983 with 40 cases.
This particular period was also characterized by
heightened epizootic activity among rodents (Stapp
et al. 2004), followed by a marked diminution of
plague host populations in the southwestern United
States (Craven et al. 1993).

Previous studies described how plague is signi-
ficantly predicted by local climatic features such as
precipitation and temperature patterns for two wes-
tern states: Arizona and New Mexico (Enscore et al.
2002). Winter–spring seasons with above-normal
precipitation were found to be significantly associated
with plague in New Mexico (Parmenter et al. 1999).
These authors tried, but did not find a significant
correlation with large-scale climate variability (such as
the Southern Oscillation index, SOI). Here, we
report on how climate affects the frequency of human
plague over the entire western United States, both
regionally, via the Pacific Decadal Oscillation (PDO),
and locally, using the yearly count of days with above-
normal high summer temperatures (figure 2).
2. MATERIAL AND METHODS
Compiled time series (1950–2005) of yearly human plague reports
from 105 counties distributed over 13 western states were used in
our analysis. All data have been standardized to remove a potential
human county population density effect. The population
density, D(c, y) at year y in county c, is calculated as D(c, y)Z
(population size)(c, y)/area(c), with the population size interpolated
from the US Census data (http://www.census.gov/). The resulting
standardized plague is P 0

(c, y)ZP(c, y)/D(c, y), where P(c, y) is the
number of plague cases per year y in county c.

Figure 1a shows a plot of the density-adjusted local plague cases
summed every 5 years. The figure revealed that plague levels are
consistently low (1950–1975) and high (1975–1995) throughout
the entire area (see also the electronic supplementary material). We
thus aggregated the 105 county-level time series into one series of
all human plague cases over the western United States every year.
The aggregated time series is positively correlated with the local
plague time series throughout the west. Additionally, the spatial
sum of the standardized time series is significantly correlated with
the spatial sum of the raw time series, which exhibits the same
high- and low-frequency dynamics (corrZ0.92, p!0.00001). In
this study, we thus used the standardized spatial sum of the plague
time series to investigate the large-scale association between plague
activity and climate.
3. RESULTS
Our study is the first to consider the entire time-series
data on human plague cases that occurred from 1950
to the early twenty-first century in the United States.
This plague time series is characterized by a low-
frequency component and therefore exhibits a signi-
ficant autocorrelation at lag-one year. Antecedent
plague was a significant covariate in all models. We
tested all the statistical models built with selected
climatic features, compiled locally and regionally,
both seasonally and annually (table S1, electronic
supplementary material). An appropriate model for
describing plague dynamics (Pt), as judged by
Akaike’s information criterion, is (table S2, electronic
supplementary material)

Pt Z exp ða0 Ca1PtK1 Ca2PDOtCa3T
37
t C3tÞ; ð3:1Þ

where PtK1 is the number of scaled cases the previous
year (a1Z0.61G0.09); PDOt is the March value of
the index (a2Z0.3G0.11); T 37

t is the mean number
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Figure 1. (a) Location and intensity of plague every five
years from 1950 to 2005. Periods of low and high plague
levels are well distributed over the study area. Particularly,
outbreaks occur synchronously throughout the west,
suggesting large-scale climate forcing. Circles are located at
the centroid of the 105 counties reporting plague, their size
being proportional to the number of scaled cases. (b)
Observed and predicted (model M1, equation (3.1)) num-
ber of human plague cases adjusted for population density
for the western United States. Plague was modelled using
previous plague levels, PDO (March value) and the yearly
count of days above 378C. Black solid line, observed plague;
black dashed line, mean plague value; grey solid line,
predicted plague; grey dashed line, 95% CI.
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of days above 378C (ZK0.29G0.07) for 100 chosen
stations (figure S3, electronic supplementary
material); and a0Z2.56G0.56. The model explains
65 per cent of the total variance; all predictors are
strongly significant ( p!0.01) and independent. The
predicted plague is plotted versus observed in
figure 1b. The residuals of the model do not show any
serial autocorrelation (figure S4, electronic supple-
mentary material). Importantly, the El Niño Southern
Oscillation was not significantly correlated with the
plague time series and was not a significant predictor
of plague for the studied period.
4. DISCUSSION
US climate is more strongly linked to the PDO
(Gershunov & Barnett 1998) than to the SOI
previously used (Favre & Gershunov in press). The
PDO exhibits two phases: the positive or warm phase
is typically accompanied by milder and wetter con-
ditions over the western United States, and the
negative or cold phase by colder and drier conditions
(Mantua & Hare 1997). The influence of the PDO
on the western US climate is stronger in the south-
west but consistent over the whole study area. As
Biol. Lett. (2008)
other global climate indices, the PDO integrates

several features of the climate (Hallett et al. 2004;

Stenseth & Mysterud 2005). The March value for the

PDO (figure S2, electronic supplementary material)

integrates late winter and spring conditions (i.e. the

period where climate has been documented to impact

significantly on plague components; Parmenter et al.
1999; Enscore et al. 2002). At the local scale, plague

has been shown to be affected by the onset of spring

and the amount of previous winter–spring precipi-

tation (Parmenter et al. 1999; Enscore et al. 2002;

Stenseth et al. 2006), by antecedent summer precipi-

tation (Parmenter et al. 1999; Enscore et al. 2002)

and by onset maximum summer temperatures

(Enscore et al. 2002), i.e. climatic variables strongly

dependent on the PDO. A robust relation between

the PDO and the plague dynamics has indeed been

established by different methodologies, showing that

warm phases of the PDO lead to periods of increased

plague activity (table S3, electronic supplementary

material). A high plague activity notably started around

the PDO shift from cold to warm phase in 1976.

Plague exists in enzootic cycles involving rodents

and fleas, but during epizootics the disease spreads to
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Figure 2. Diagram showing how climate affects plague
dynamics. The regional climate together with local events
determines the conditions for plague outbreaks.
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susceptible or accidental hosts such as humans (figure

S1, electronic supplementary material). Periods of

epizootic plague coincide with increased host and

vector densities (Davis et al. 2004). The proposed

pattern is that increased precipitation results in

increased food availability for rodents, a limiting

factor in semiarid areas. For example, summer rodent

population densities, including the probability of a

rodent irruption, have been correlated with annual

rainfall levels on regional scales (Lima et al. 1999).

Together with milder temperatures associated with

lower winter rodent mortality, a milder and wetter

climate will ultimately lead to higher densities of

rodents (the cascade hypothesis; Parmenter et al.
1999). Nevertheless, the relation between prevalence

and abundance can be complex for small mammals

such as rodents exhibiting lagged cycles (Davis et al.
2005). The PDO is, however, a multi-decadal index,

integrating consecutive years with favourable/

unfavourable climate for rodents and thus possibly

lagged dynamics. Thus, whenever there is a high level

of plague among numerous wild rodents, the chances

of humans getting infected are elevated. The plague

time series exhibits a significant autocorrelation at lag-

one. Human plague results of rodent plague dynamics

that often have an autoregressive component (i.e. the

population size in year t is not independent of popu-

lation size in year tK1) (Kausrud et al. 2007) due to

the seasonal forcing on population size, food resources,

predator numerical responses and spatial processes

(Brown & Heske 1990).

Furthermore, epizootics also require a high num-

ber of active fleas. Mild weather favours not only the

development of fleas from larval stages to adult but

also the efficiency of fleas as vectors (Cavanaugh

1971; Hinnebusch et al. 1998; Eisen et al. 2007).

The number of very hot days has in fact a significant

strong negative effect on plague activity through

flea survival, as previously shown experimentally
Biol. Lett. (2008)
(Cavanaugh 1971; Krasnov et al. 2001) and in models

(Enscore et al. 2002).

Conditions leading to plague epizootics thus strik-

ingly correspond to the ones determined by the PDO

positive phases both for hosts and vectors. The

relevant climatic features occur at two relevant scales

that we have found to be relevant to model large-scale

patterns in plague foci concentrated on moderately

high-altitude plateaus and mountainous regions

(Eisen et al. 2007).
5. CONCLUSION
In this study, we show that climate association with

plague dynamics is consistent at a large scale. Our

analysis documents that regional as well as local

climate variables must be accounted for, for a proper

understanding of plague dynamics. Our analysis also

provides a basis for a better understanding of the

effect of climate change on future plague. Summer

temperatures over the western United States exhibit a

strong warming trend, and according to all climate

model projections, the frequency of very hot days is

likely to increase (Tebaldi et al. 2006). Thus, periods

of high plague activity are likely to decrease in the

western United States over the coming decades,

especially in the active Four Corners region (New

Mexico, Colorado, Arizona and Utah), but droughts

and pluvials will continue to have a competing

impact. Finally, plague could be expected to move

higher in latitude and/or altitude as suggested recently

(Nakazawa et al. 2007).
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