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Intercontinental movements of invasive species continue to modify the world's ecosystems. 
The plague bacterium (Yersinia pestis) has colonized and altered animal communities 
worldwide but has received much more attention as a human pathogen. We reviewed studies 
on the ecology of Y. pestis in ancient foci of central Asia and in western North America, 
where the bacterium apparently has become established much more recently. Although 
rodent populations on both continents are affected dramatically by epizootics of plague, 
the epidemiologically important species of Asia demonstrate resistance in portions of their 
populations, whereas those of North America are highly susceptible. Individual variation 
in resistance, which is widespread in Asian rodents and allows a microevolutionary re­
sponse, has been documented in few North Ame11can species of rodents. Plague increases 
costs of sociality and coloniality in susceptible hosts, increases benefits of disease resistance 
in general, and increases benefits of adaptability to variable environments for species at 
higher trophic levels. Prairie dogs (Cynomys) epitomize taxa with high risk to plague be­
cause prairie dogs have uniformly low resistance to plague and are highly social. Rela­
tionships to plague are poorly understood for many North American rodents, but more than 
one-half of the species of conservation concern occur within the geographic range of 
plague. 
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Human-assisted invasions of alien spe­
cies, including microorganisms, are widely 
recognized threats to global biodiversity 
and functioning of ecosystems (Daszak et 
al. 2000; Kaiser 1999; Kinzelbach 1995). 
For example, avian pathogens introduced 
by European settlers to Hawaii are impli­
cated in the extinction of nearly one-half of 
the endemic land bird species (Warner 
1968). Expansion of the plague-causing or­
ganism (Yersinia pestis) into additional 
continents from its likely origins in Asia 
has dramatic ecologic and evolutionary 
ramifications because of its lethality and ex­
traordinary host range. Y. pestis is a gen­
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eralist found in >200 species of mammals 
(Poland and Barnes 1979; Pollitzer and 
Meyer 1961), enhancing its ability to col­
onize new habitat. Plague causes large pop­
ulation reductions in rodents of several spe­
cies within its native (Chelnokov et al. 
1979; Dyatlov 1972) and introduced 
(Barnes 1993) ranges. Despite the potential 
of plague to alter ecosystems that it invades 
and the attention plague has received as a 
human pathogen. it has received relatively 
little attention in reviews of effects of non­
indigenous organisms (Pimentel et al. 
2000). 

We initiated th.is review out of concern 
for the decline in prairie dogs (Cynomys), 
which is in part due to plague. and the pro­
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posal to list the black-tai led prairie dog (c. 
ludovicianus) as a threatened spel:ies (Gra­
ber et al. 1999). Our concern extends be­
yond prairie dogs to other species of North 
American rodents with sill'inking popula­
tions and to those thaL may have been mon­
itored insufficiently to detect reductions in 
populations. One goal is to raise the level 
of attention given to plague as an invasive 
species that may be disrupting Nortll Amer­
ican ecosystems. As a species, Y. pestis may 
be a relative newcomer on an evolutionary 
time scale (Achtman et a1. 1999), but it has 
occupied central Asia for 2:2.000 years. We 
discuss North Americau plague in the con­
text of ecology of plague in ceneral Asian 
ecosystems that are at least superficially 
similar to the dry intermountain areas of 
western North America, where plague has 
gained a stronghold in the past 100 years. 
Data are marginally sufficient to allow 
comparisons for a few Asian and North 
American rodent species that are affected 
directly by plague. Asian and North Amer­
ican mustelid predators of those rodents 
also are compared, enabling consideration 
of indirect effects of plague in ecosys[ems. 
Although plagne is found at least sporadi­
cally over much of Asia, we emphasize data 
collected within the natural foci of plague 
in central Asia, where it is common and 
persistent. Discussion centers on compari­
sons of several attributes including mam­
malian behaviors, life histories, resistance 
to plague, and population effects. 

BIOLOGY OF PLAGUE 

Origin and variability of the plague pQth­
ogen.-Plague may have originated on the 
Central Asiatic Plateau (Wu et al. 1936). 
The bacterium is relatively homogeneous, 
characterized by a single serotype, I phage 
type, and 3 biovars. The 3 biovars of Y. 
pestis (Antigua, Medievalis, and Oriental­
is), based on whether they produce nitrous 
acid or ferment glycerol (DevignaL 1951), 
circnlate in Asia, but only Orientalis has 
been fonnd in North America (PoJlitzer 
1954). The homogeneity of Y. pestis is sur­

prising because it had to adapt to various 
animal host~ and environment conditions 
(Guiyoule et al. 1994) bUl supports the hy­
pothesis of rel:ent (1,500-20,000 years ago) 
clonal origin of plague from Y. pseudocu­
berculosis (Achtman et a1. 1999). 

Despite descliptioL1. of Y pestis as il sin­
gle type, variability occurs within and 
among populations of Y. pestis in many 
Asian plague foci. In some foci, 40.9­
557% of isolares of Y. pestis differed by 
2:1 characteristic (Kozlov 1983). Ribotyp­
ing of 70 strains of Y. pestis isolated from 
various geographic areas revealed existence 
of 11 different DNA banding patterns (Gui­
youle et a1. 1994). However, only 1 ribo­
type was found among plague strains from 
North and South America. Bacterial isolates 
recovered from plague-endemic areas in 
Asia may ha ve di verse plasmid content. 
Apart from 3 prototypic p1asmids, isolates 
of Y. pestis may be present with alternate 
plasmid profiles that include additional 
plasmids, deletion of plasmids, or appear­
ance of novel plasmids (Chu et al. 1998). 
Of 242 strains of plague bacteria from var­
ious natural foci of the fOTmer USSR, 20 
(8%) were shown to cany additional cryp­
tic plasmids (Filippov et a1. 1990). The di­
versity of plasmid content of plague bac­
teria in North America is low compared 
with that of plague bacteria in Asia. Only 
the cryptic J9-kilobase plasmid associated 
with isolates from the United States repre­
sents a dimer of 1 of the prototypical plas­
mids (Chu et a1. 1998). 

introduction of plague to new areas.­
Plague is widespread on all continents of 
the world except Australia and Antarctica. 
Two hypotheses have been proposed to ex­
plain movement of plague to North Amer­
ica. Plague may have enLered via the Sibe­
rian-Alaskan route during preceding geo­
logic eras, assuming that plague has been a 
naturally associated ecologic factor in 
North American rodents since the Pleisto­
cene, or plague may have come by means 
of ship-borne rats (Rattus) and their fleas 
(Stark et al. J966). Kucheruk (1965) and 
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Rail (1965) explain the origin of natural 
foci of plague in North America in termS 
of distribution of marmots (Marmora) 

aeros~ the Beringi an bri dge duri ng the Ter­
tiary, based on similariLY of host-parasite 
diads in Eura~ia and North America, and 
paleontologic data. However, most authors 
believe thaL plague was introduced more re­
cently into North America, along with Ha­
waii, Indonesia, South Africa, (lne! South 
America in the 3rd IXlndemic of the late 
(9th century and early 20Lh century (BULler 
1983; PoJliLzer 1954; Wu et al. 1(36). Most 
strains of Y. pes/is in North America are in 
the group of glycerine-negative strains typ­
ical for Rattus in Asia (Meyer 1942; Pol­
[itzer [954). New molecular-genetic data 
(Achtman eL al. 1999; Guiyoule et al. 1994) 
also support the opinion that plague prob­
ably was introduced to America from Asia 
quite recently. Nevertheless, plague may 
have been introduced into the Western 
Hemisphere by rat-infested ships much ear­
lier than 1900 (Kozlov J972), in a fashion 
similar to that of other vector-borne zoo­
noses (Childs et a1. 1999) and to the dev­
astating movement of other human patho­
gens from Europeans to Native Americans 
(Diamond J997). Regardless of the theories 
concerning the timing of plague introduc­
tion into America, the foci of plague in the 
New World likely are young compared to 
Asian foci. 

MAMMALS AND PLAGUE 

Susceptibility to plague ill mammals.­
More than 200 mammalian species in 73 
genera are known to become infected with 
plague under natural circumstances (Poland 
and Barnes 1979; Pollitzer and Meyer 
1961). Pathogenic effects of plague have 
been noted in naturally infected mice, 
voles, rats, gerbils, ground squinels (susliks 
in Russian literature), marmots, and prairie 
dogs (PelTY and Fetherston 1997). Many ro­
dents develop a bubonic form of plague 
with involvement of internal organs and 
bacteremia. 

Susceptibility may differ wideJy among 

closely related Asian laxa (DyaLlov 1(72). 
Species or gerbils show high-level resis­
Lance (e.g., Merio!7es !11eridial1usl, moder­
ale resisLance (e.g., M. lihvcusJ, or low re­
sistance (e,g., M. lamDriscinus). Mosl mu­
riel I'Odenls in Asi(J are highly susceptible to 
plague. but Rartus !7orvegicus. Apodemus 
oJ;rarius, and A. pcninsu/ae m,ly be rela­
Lively resisLant. Similarly, sciurid specie~ of 
Asia vary from highly susceptihle lO highly 
resistant (Kozlov 1979). 

Wild rodent species from New Mexico 
ranged from uniformly susceptible to 
pJague (similar to control laboratory mice) 
to completely resistant (Holdenried and 
Quan (956). Those investigators found the 
western harvest mouse (Reithrodolltomys 
megalolis), silky pocket mOUSe (Perogna­
th.us f'avus), pinon mouse (Peromyscus 

lruei), white-throated woodrat (NeolOma al­
bigula), Mexican woodrat (N. mexicana), 
and least chipmunk (Tamias minimus) to be 
highly susceptible to plague bacteria. Al­
though some individuals were moderately 
resistant, the majority of deer mice (Pero­
myscus rnanicu/alus), brush mice (P. boy­
hi), rock mice (P. difficilis), southern plains 
woodrats (Neuruma micmpus), and Colo­
rado chipmunks (Tam/as quadrivittatus) 
died of plague after inoculation with a low 
dose of Y. peslis. In another experimental 
study of 1,408 rodents of 7 species, only 
Microlus cal(fornicus and P. maniculalus 
were highly resistant to infection, whereas 
R. mega/oris. Mus musculus. R. norvegicus, 
Peromyscus californicus, and P. rruei were 
susceptible to plague (Quan and Kartman 
1962). 

CaJifornia voles (M. calt/omicus) taken 
from an enzootic plague area in California 
were highly resistant to plague (Goldenberg 
et al. 1964). Of 173 California voles that 
were inoculated with virulent strain of Y. 
peslis. only 2 animal:; died with evidence 
suggesting plague infection. Two species of 
kangaroo rats (Dipodomys spectabihs and 
D. ordii) were highly resistant (Holdenried 
and Quan 1956). Die-offs of these species 
are not observed, despite evidence of 
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plague actlvJly in their populations; lhese 
rodenls seroconvert with few animab be­
comi ng ill (Poland and Barnes 1979). 

Commonly, carnivores are expo~ed 10 

plague by eating infected rodents or by be­
ing bitlen by rodent fieas, but many species 
are resistant to plague (Barnes 1982; Gage 
et a1. 1994). Field and laboratory studies in 
the United States suggest that domestic 
dogs, coyotes (Canis l(llmns), and foxes 
(VuLpes vulpes and Urocyol1 cinerN)UrRCn­
teus) typically seroconvert when exposed to 
Y. pesTis and rarely die (Gage et aJ. 1995). 
However, domestic cats became acutely ill 
and experienced high mortality in an ex­
perimental study (Gasper et at. 1993). The 
weak susceptibility to plague of some un­
gulates, canids, birds, and other animals in 
which plague does not occur may be due to 
plague specializations rather than evolved 
resistance in hosts (Dyatlov 1972). 

Primary and secondary l1I.amnwlia!1 
hosts.-Mammalian species that are suffi­
cient to maintain plague in natural systems 
were defined as primary hosts (Fenyuk 
1948) or enzootic hosts (Cully and Wil­
liams 2001). The ability of these animals to 
sustain plague is based on their susceptibil­
ity and sensitivity to plague, numbers, dis­
tribution. and patterns of behavior. Second­
ary hosts (epizootic hosts) may facjlitate 
spread of plague but are not able to main­
tain plague for extended periods without 
primary hosts. 

Opinions differ regarding the number of 
primary host species that are necessary to 
support continued circulation or plague 
within a natural focus (a geographic area in 
which reservoir and vector species coexist 
and in which the infection i~ common). Ral1 
(1965) proposed a concept of monohoslal­
ity for all plague foci based on investiga­
tions in central Asia, wherein a singJe ro­
dent species is required to maintain plague 
in a particular focus. A unique variant or Y. 
pestis is adapted to that primary host, al­
though other animal species may participate 
in circulation of the variant (Kozlov 1979: 
Rail 1965). For example. Petrov and Shmu­

tel' (1958) suggested thal only the great ger­
bil (Rh.o/11!JomY,I· ojJimus) if, necessary to 
sustain plague in the mid-Asian desells. 
Others (Kalabukhov 1949: Nekipelov 1959) 
suggested that mainLenance or plague re­
quires a combination of coexisting rodent 
or lagornorph species. The great gerbil may 
be joined by other species to maintain 
plague in the mid-Asian desens (Lavrovsky 
and Varshavsky 1970). 1n the foothills of 
Kopel-Dag, Mangishlack, in western and 
northwestern Turkmenia, the Libyan jird 
(Merione.l· libycus) is involved, whereas 
coinvolvement comes from the midday ger­
bi I (M. meridiC/nus) in the Ami Karakum 
and northwestern Kizilkum, the little suslik 
(5permophilus pygmaeus) on lands north of 
the Aral Sea, and the Aral yellow suslik (s. 
fit/vL/s) on the Krasnovodsky Peninsula. 
Such combinations in other areas of Asia 
may be long-tailed susliks (s. undu/arus) 
and Pallas' pika (Oc!Jorona pallasi) in 
Mongolia; Daurian susliks (5. dauricus) 
and rats (Rarws) in northeastern China; Si­
berian marmots (Marmora sibirica), Dau­
rian susliks, pikas (Oc!1ofOna), and voles 
(Microws) in the Damian enzootic area; 
and little susliks plus various gerbils and 
jerboas in the northwestern Caspian enzo­
otic area (Kalabukho\- 1949). 

The exi.~tence of well-defined variants of 
the plague bacillus that are adapted to par­
tindar rodent species supports the concept 
of coevolution within single primary hosts 
in areas of central Asia where the disease 
is enzootic, bUl the diversity of species par­
ticipating in plague circulation seems to be 
an important factor enhancing maintenance 
of plague in other areas, including those in 
America \vhere plague foci were estab­
lished more recently. Generalizations are 
problematic because "the complex and 
shifting milieu" created by interacting fieas 
and mammals through changing seasons 
make il difficult "to separate the principals 
from the bit players, especially since their 
roles may change with time and in space" 
(Barnes 1982:253). 

Varimioll in resistance to pl(lgue in fJOfJ­
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ulatio/1s ()j' mammals: Asia versus North 
America.-Rodents characteri7.:ed as prim<.1­
ry hosts should have a het'erogeneous re­
sponse to plague with most individuals be­
ing moderately resistant (Fenyuk 1948; Rail 
1965). Variation in resistance among pop­
ulaLions of primary hosts to Y. pestis is a 
commonly reported attribuLe with evolu­
tionary implications (PolliLzer 1954). Some 
mammalian species may become primary 
hosts only after surviving repeated contacL 
wilh plague (Kucheruk 1965; Pollitzer 
1954; Rall 1965). The proportion of indi­
viduals resistant or susceptible 10 plague in 
a population characterizes the role of that 
population in transmission and maintenance 
of plague. In great gerbils, 40-60% of a 
population was resistant LO Y. pesti.\' (Rivkus 
eL aL. 1973). Symptoms of mild infecLion by 
plague were recorded for 47% of some spe­
cies of susliks, and 15% of infected indi­
viduals were resistant (Borisov et al. 1985). 
The proportion of resisLant individuals was 
about equal for great gerbils (50-80%), lit­
tle susliks (50-70%), and midday gerbils 
(44-60%) iu the Ural steppe focus (Atsha­
bar 1999). 

In Asian rodents, partial resistance to 
plague was correlated with genotypic and 
phenotypic characteristics including blood 
groups in great gerbils (Ergaliev et al. 
1990) and marmots (Akimbaev et al. 198]), 
hereditary ability to use oxygen in jirds of 
the genus Meriones (Avanian ]984), sev­
eral biochemicaJ variables in M. libycus 
(Churikova 1988), level of corticosteroids 
in blood plasma of midday gerbils (Don­
skaya et aL 1988), and epigenetic cranial 
features in the great gerbil (Klassovsky et 
aI. ] 999). In areas wi th the most resistant 
populations of R. opimus, resistant homo­
zygotes did not exceed 40%, susceptible 
homozygotes did not decrease below 15%, 
and heterozygotes were 40-50% of the 
populations (Dyatlov 1972). 

Resistance to plague may differ dramat­
ically among different populations of the 
same species of rodent and the rate may 
change within populations depending on re­

cency or exposure. Rodents from plague­
endemic areas of Asia were more resistant 
to plague than were rodents from pJague­
free areas (Kucheruk 1965; RaIl 19(5). A 
nOLeworthy example is the difference in re­
sisLance between populations of midday 
gerhil~ from different sides of the Volga 
River (Birukova J960) Midday gerbils are 
primary hosts for plague on the east side of 
the Volga but have a minor role west of the 
river in the North Caspian SLeppe focus. 
The reLati vely high resisLance of the easLern 
population of gerbils was confirmed by ex­
periments with flea-bile tfElnsmission (Do­
maradskii ]998). Levi (1994) demonsLrated 
genetic predisposition for resistance to 
plague between 2 populations of midday 
gerbils from east and west of the Volga Riv­
er by comparing dose-rate susceptibility of 
live-caught individuals from the 2 popula­
tions and examining susceptibility of cap­
tive-born hybrids. The number of bacteria 
required to i.nduce mortali ty in 50% of in­
fected rodents varied, depending on geo­
graphic origin of Iive-caught hosts (2-2] 6 
in specimens from west of the Volga River; 
1.0-39.4 X 106 in specimens east of the 
Volga River) and the filial generation of 
offspring from east-west hybrids (F I , ]­

131,000; F2 , 56,200-170,000). 
Plague bacteria persist in some Asian ro­

dents for extended periods. Y. pestis sur­
vived in individual long-tailed susliks (5. 
undulatus) for 692 days, the period of ob­
servation (Maevsky et aL 1988). Long-term 
persistence of plague in rodents of North 
America has not been documented. 

Relatively resistant species of Microtus 
and Peromyscus maintain plague infection 
in California (Goldenberg et aL 1964; Kart­
man et al. 1958, 1962). A few individuals 
(2.1 %) in a population of California voles 
(M. califomicus) were asymptomaticaJ]y in­
fected with Y. pestis (Goldenberg et aJ. 
(964). Quan and Kartman (1962) showed 
significant differences in resistance among 
populations of M. californicus separated by 
as little as 4.8 km. However, other samples 
of rodents (N. albigula, P. truei, Peromys­
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eus leucopus, and P. manieulatus) trapped 
in a plague area did not differ in plague 
susceptibility from cOlTesponding samples 
from a plague-free area (Holdenried and 
Quan 1956). Although populations of rock 
squirrels (Spermophilus variegatus) suffer 
high mortality during plague epizootics, 
survivors typically remain after epizootic 
events. Susceptibility of rock squirrels to 
experimental infection wa~ heterogeneou5; 
some animals survived inoculation with 
large number of organisms, and others died 
after inoculation with small llumbers (Quan 
et aI. 1985). Capti ve-born. plague-naive 
grasshopper mice (Onyel1omys leueogaster) 
from a plague-free area in Oklahoma were 
much less resistant to experimental infec­
tion with plague (27% survival) than mice 
from a Colorado population (75% smvival) 
that had been snbjected to a plague epizo­
otic (Thomas et a1. 1988). Similarly, 67% 
of California ground squirrels (Spermophi­
Ius beecheyi) from a plague enzootic area 
survived experimental inoculation with 
plague compared w.ith 39% survival of 
squirrels from a nonenzootic area (Meyer 
1942). Nevertheless, populations of prairie 
dogs have remained highly susceptible after 
repeated exposure to plague epizootics 
(Bames 1993). although seroconversion oc­
cun'ed in a small proportion of Gunnison's 
prairie dogs (Cynomys gunnisoni) exposed 
to a plague epizootic (Cully et al. 1997). 

Influence of plague infection on density 
ofmammals.-Devastating effects of plagne 
on some rodent populations in Asia and 
North Amelica leave little doubt that this 
infection can cause large-scale mortality in 
mammals. Short-term fluctuations in local 
populations of Asian rodents are corrunon 
(Chelnokov 1979; Gorbunov 1983), but lit­
tle is known about long-term effects of 
plague. Epidemics of infectious diseases 
may be an important population Tegulator 
in mammals (Elton 1925, 1942; Formozov 
1947; Severtsov 1941). Nevertheless, anal­
ysis of influence of plague, tularemia, lep­
tospirosis, and streptococcus infections per­
formed by Kucheruk (1950, 1955) showed 

that those infections likely were not a main 
factor responsible for population cycling in 
Asian rodents, although those common zoo­
notic diseases were acknowledged to cause 
die-offs of rodents. A similar conclusion 
was reached by Nekrasova et al. (1980) 
based on study of tularemia in lemmings 
(Lemmus). No evidence suggests that 
plague has caused long-term declines in pri­
mary rodent hosts of A~ia (Ruclenchik et al. 
1989). In contrast, plague has resulted in 
extirpation of prairie dogs from some areas 
of North America (Fitzgerald 1993; Lech­
Jeitner et al. 1962), and the disease often 
causes local extinction~ and population re­
ductions that may be followed by partial or 
complete recovery (Anderson and Williams 
1997; Cully 1993; Cully et aJ. 1997). 

Interactions between sociality and plague 
resistance in rodents.-Circulation of Y 
pestis is influenced by spatial distribution of 
mammals. Important attributes include den­
sity, group sizes, sizes of activity areas, mi­
gration, and dispersal (Poland and Barnes 
1979; Pollitzer and Meyer ]961). Because 
Y pestis may be transferred by exchange of 
infected fleas or direct by contact between 
infected mammals, coloniality enhances the 
hazard of disease tTansmission (Hoogland 
1995). Selective pressure from plague thus 
may favor reduced sociality, or increased 
resistance to tbe disease in social mammals. 
Within closely related species, are Asian 
forms less colonial or social than North 
American counterparts? Although it would 
be useful to compare Mannota bobak, a 
steppe-dwelling marmot of centTal Asia, 
with prairie dogs and other marmots, req­
uisite information is lacking. However, 
marmots qualitatively are among the most 
social of Asian sciurids and are among the 
most plague-resistant species (B. Suleime­
nov, pel's. comm.). Similarly, great gerbils 
have an advanced social system, and their 
populations typically have large proportions 
of plague-resistant indi viduals (Atshabar 
1999). 

Indireci effects (~f plague at higher tro­
phic levels.-The range of the Siberian 
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rokcal (Mustela cl'en-n1ol7l7ii) encompasses 
central Asian plague foci, in conLr<lsL 10 (he 
closely related black-rooled fencl (M. l7i­

gri/)(!.I') or North America, which apparently 
evolved in absence or plague. DilTcrenccs 
in lire histories and hchaviors have heen 
noted (Clark 1989: Forrest el al. 19H::i). i11­

eluding extreme prey spcciaJi;r.atjoll on prai­
ric dogs hy black-fooled ferret.s (Camrhell 
el aL 19H7). Another nOlable contrasl is lil­
tel' siz.e. <lveraging 3.4 young for black-rOOl­
ed ferrets (Hillman 196H) and about 8.5 
young for Siberian rolecaLs (Stroganov 
1962). Plague leads to population oscilla­
Lions in susliks and great gerbils of central 
Asia, secondarily inDucncing populations 
and distribution of Siberian polecats, which 
in turn may affect competitive interactions 
between Siberian polecats and other carni­
vores (Chel nokov et aL 1979: Gorbunov et 
al 1983). 

DISCUSSION 

lnfectious diseases may affect evolution 
of animals (Haldane 1949). but mechanisms 
and precise esti mation of effects of diseases 
on origin, geographic distribution, evolu­
tionary trends. and exti nction of species or 
subspecies remain largely speculative. 
When populations are subjected to acute 
epizootics. potential consequences of evo­
lutionary significance include selection by 
an epidemic for individuals that are genet­
ically most resistant to the parasite; alter­
ation by intense selecti ve pressure of allelic 
frequencies of other loci that are linked ge­
netically to loci affecting resistance; and 
possible reduction of a large population to 
a small number of survivors. causing a bot­
tleneck effect with loss of genetic diversity 
(0" Brien and Evermann 1988). However, to 
persist in an ecosystem, parasites should not 
eradicate populations of their hosts, and 
various evolutionary models predict coex­
istence (Alexander 1981; Mode 1958). 
Some parasitic systems involving Asian 
plague are spatially and temporally stable 
and correspond with distributions of partic­
ular rodent species, providing evidence for 

a slrong association of Y. pestis in mam­
malian communities. Plague may be an er­
fcclivc, widcly distributed. and, in some ar­
eas, permanently acting force in cvolution
0" animals in Asia (Dyallov 19R9). 

Coevolution or host and parasite species 
toward a halance between virulence of 
rathogen and re"istance of hOSI is no! the 
only possible scenario. For vector-borne in­
I'ections. extensive Illultiplication and 
spread of rathogcn within a vertebrate host 
should increase the probability thal a biting 
vector will become infected (Ewald 1994). 
Coaclaptation in parasite-hosl relations may 
occur at 3 levels: latent infections at the or­
ganism level, such as Bartonella bactcria or 
hantaviruses in rodents, with or without 
clinical manifestation under stressful COll­
ditions: interactions between heterogeneous 
populations of hosts and pathogens; and 
host-switching specics at the community 
level. 

Recent genetic analysis does not support 
the hypothesis of ancient origin of plague, 
coincident with evolution of mammalian 
hosts (Achtman et al. 1999). The 1.500­
20.000 years that may have elapsed since 
Y pesti.1 was derived from Y pseudotuber­
culosis (Achtman et al. 1999) may be in­
sufficient to develop a harmless symbiosis 
between bacteria and hosts. Pathogenesis of 
plague with a high level of bacteremia in 
mammals also likely facilitates transmission 
by fleas. Nonetheless, coevolution between 
those components of a plague parasitic sys­
tem in Asia resulted in partial resistance in 
animal populations. This type of coadapta­
tion between Y. pestis and mammalian hosts 
is not typical for vector-borne infections be­
cause Y pestis is transmitted by fleas and 
respiratory secretions (Ewald 1994). Diver­
sity of the plague microbe in Asian foci 
may be an adaptation to different species of 
mammalian hosts. Plague likely came to 
N0l1h American from Asia <500 years ago, 
and probably much later. As evidence and 
consequence of the recent invasion of west­
ern NOlth America by plague, we list low 
heterogeneity of Y pestis, with no evidence 
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of bacterial variants specific for any animal 
host, and absence of resistance or low par­
tial resistance [() plague in the North Amer­
ican mammals. 

More than one-half of the species of 
North Amerjcan rodents of conservation 
concern (Hafner et al. 1998) occur within 
the range of plague in western North Amer­
ica (Barnes 1982). Plague relationships for 
1ll0~t are underSLOod poorly. Conditions Lhat 
increase vulnerability of a rodent specie~ to 
plague include uniform Iy low resistance, 
high population densities (including. but 
not necessarily limited to, coloniality <lnd 
sociality), potentia)))' abundant flea vectors 
that are efficient transmitters of plague, and 
lack of evolved strategies to cope with high 
demographic or environmental stochastici­
ty. Plague may interact synergistically with 
other human-induced and natural distur­
bances that result in fragmentation and iso­
lation of populations of mammals, increas­
ing their risk of local extill)ation and range­
wide extinction. 

Perhaps plagne is responsible for the ab­
sence of a highly social ground squirrel in 
Asia that is ecologically similar to the prai­
rie dog. In North American prairie dog hab­
itats with plague, costs of the prairie dogs' 
social system may outweigh benefits 
(Hoogland 1995) in the long term unless 
prairie dogs become more resistant to 
plague. If individual variation in prairie dog 
sociality exists, relatively nonsocial pheno­
types may have a substantial advantage dur­
ing epizootics of plague. A rapid response 
in resistance due to selective pressure from 
plague may have occurred in Onychomys, 
suggesting the possibility of evolutionary 
change in other characteristics of North 
American rodents, including social behav­
ior. Behaviors may have been altered in 
some populations because of as much as 
J00 years of selection from plague. 

As suggested by considerations of ferrets 
and polecats, instability of mammalian pop­
ulations at lower trophic levels may affect 
evolved characteristics of animals at higher 
levels and structure of ecosystems in gen­

eraJ (Dobson and Hudson 1986). Plague-in­
duced temporal variation in prey abundance 
on Asian steppes (Elton 1925) may favor 
generalist predators by preventing consis­
tent advantage of preying on any single spe­
cies (sensu Wilson and Yoshimura 1994). 
In contrast, the historical absence of plague 
in North America (Barnes 1993) may have 
allowed greater stability and density in pr<li­
rie clog populations. promoting specializa­
tion on them by ferrets. Specialization on 
prairie dogs is now disadvantageous to the 
black-footed ferret because it has no alter­
natives when prey are depleted by plague. 
The [eITet is in further jeopardy because it 
is directly susceptible to plague (Williams 
et al. 1994), has a relatively low reproduc­
tive rate. and has specialized on, arguably, 
the most plague-vulnerable of North Amer­
ican rodents. For at least several species of 
North American mammals, introduction of 
plague dramatically has increased environ­
mental stochasticity, an attribute that is fun­
damentally important in assessments of 
population viability (Boyce 1992). Esti­
mates for rates of catastrophes (the upper 
extreme of environmental variation) have a 
large impact on predicted persistence times 
for populations (Mangel and Tier 1994). 

Given the number of avenues through 
which plague may exert influences, this dis­
ease likely will continue to alter commu­
nities of North American mammals and 
their associates. The pace of change will be 
influenced by many variables. Epizootic cy­
cles and population declines have been 
readily apparent, shol1-term changes, but 
potential changes due to altered natural se­
lection and indirect effects at the ecosystem 
level are at least as disconcerting. 
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