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We lack a clear understanding of the enzootic maintenance of the
bacterium (Yersinia pestis) that causes plague and the sporadic
epizootics that occur in its natural rodent hosts. A key to elucidat-
ing these epidemiological dynamics is determining the dominant
transmission routes of plague. Plague can be acquired from the
bites of infectious fleas (which is generally considered to occur via
a blocked flea vector), inhalation of infectious respiratory droplets,
or contact with a short-term infectious reservoir. We present
results from a plague modeling approach that includes transmis-
sion from all three sources of infection simultaneously and uses
sensitivity analysis to determine their relative importance. Our
model is completely parameterized by using data from the litera-
ture and our own field studies of plague in the black-tailed prairie
dog (Cynomys ludovicianus). Results of the model are qualitatively
and quantitatively consistent with independent data from our field
sites. Although infectious fleas might be an important source of
infection and transmission via blocked fleas is a dominant para-
digm in the literature, our model clearly predicts that this form of
transmission cannot drive epizootics in prairie dogs. Rather, a
short-term reservoir is required for epizootic dynamics. Several
short-term reservoirs have the potential to affect the prairie dog
system. Our model predictions of the residence time of the short-
term reservoir suggest that other small mammals, infectious prairie
dog carcasses, fleas that transmit plague without blockage of the
digestive tract, or some combination of these three are the most
likely of the candidate infectious reservoirs.
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he maintenance and epidemiological dynamics of plague,
caused by the bacterium Yersinia pestis, are of critical interest
because of the disease’s high human mortality rate, widespread
distribution, potential for rapid spread, and possible use in
bioterrorism. Despite a large number of human deaths from
plague, plague is mainly a disease of wild rodents and their
associated fleas. Although questioned by some, it is commonly
proposed that plague in North America is maintained at low
levels in enzootic cycles between partially resistant rodent host
species and their associated fleas (1, 2). Epizootics sporadically
occur when the disease spills over into susceptible amplifying
rodent hosts, with high mortality and rapid die-offs. Under this
scenario, it is typically believed that the only important mode of
transmission of Y. pestis to rodents is the bites of fleas that have
become infectious as a result of occlusion or blockage in their
proventriculous that leads to regurgitation of infectious bacteria
as the flea feeds (3, 4). This blockage is composed of a mass of
Y. pestis bacteria enmeshed in a biofilm (2, 5, 6). Ultimately,
determining which routes of transmission dominate during en-
zootic persistence and epizootic outbreaks will reveal whether
the same transmission pathways are responsible for both enzo-
otic and epizootic dynamics and how transmission changes
during different parts of the cycle. As a first step, in this paper
we investigate transmission during epizootics.
Other modes of plague transmission have been proposed but
are typically thought to be less important than transmission by
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blocked fleas. These modes include the bites of infected, partially
blocked fleas (7), mechanical transmission from flea mouthparts
(8-10), direct contact with respiratory droplets from infected
animals (e.g., ref. 11), and direct contact with sources of
infection such as the tissues of infected animals or perhaps
contaminated soils (12-19). We hypothesize that during epizoot-
ics, these alternative, often short-term, modes of transmission
may play an important role in transmission that sustains out-
breaks once they begin.

The dominant paradigm for plague transmission (3, 4) is based
on the classic case of vector-mediated transmission by the
Oriental rat flea (Xenopsylla cheopis), which transmits Y. pestis
among commensal rats (Rattus sp.) and often to humans. Gen-
erally, efficient transmission of Y. pestis is thought to occur only
through the bites of “blocked” fleas whose midguts become
obstructed several days after feeding on an infected host by
replicating Y. pestis enmeshed in a biofilm (2, 3, 5). This blockage
results in starvation and aggressive feeding behavior by fleas that
repeatedly attempt to clear their blockage by regurgitation,
resulting in thousands of plague bacteria being flushed into the
feeding site and the host becoming infected. The efficiency of X.
cheopis as a vector for the disease is well cited because it usually
has the highest blocking rate among studied fleas (20).

We focus our research on one of the most dramatically
susceptible wild rodent hosts in North America, the black-tailed
prairie dog (Cynomys ludovicianus), which exhibits almost 100%
mortality when infected with plague (21-23). The prairie dog
flea (Oropsylla hirsuta) is abundant on black-tailed prairie dogs
and is likely the main vector of plague in this system. O. hirsuta
seldom develops complete blockage of the proventriculus (24).
The high susceptibility of prairie dogs to plague and incomplete
blockage in O. hirsuta combine to make this system significantly
different from the classic rat system. Prairie dogs are a partic-
ularly appropriate focal species for investigating the epizootic
spread of plague because Y. pestis might be transmitted through
multiple routes in this system, and each of these routes might
exert different influences on the course of epizootics.

We investigate the relative importance of different modes of
transmission for epizootic plague spread within prairie dog towns by
using a novel modeling approach. In this approach, we simulta-
neously include the three main routes of transmission within the
same model: classic vector transmission by blocked fleas (2),
airborne transmission from inhalation of bacteria from an infected
individual (e.g., ref. 11), and transmission resulting from direct
contact with other infected sources that serve as a relatively
short-term reservoir. We then use sensitivity analysis of the model
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