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Abstract 

Plague causes periodic epizootics that decimate populations of prairie dogs, but the means by 
which the causative bacterium (Yersinia pestis) persists between epizootics is poorly understood. 
We examined the possibility that the bacterium persists in and around Utah prairie dog colonies, 
affecting prairie dogs during inter-epizootic periods. We attempted to reduce the numbers of 
fleas on portions of 6 prairie dog colonies during 2001-2004 using deltamethrin powder 
delivered into bUlTOWS as a pulicide. We compared survival rates of prairie dogs on treated plots 
with survival rates of prairie dogs on paired plots where bUlTOWS were not dusted. Flea numbers 
were reduced by 96-98 % by the dusting. Survival rates for prailie dogs were about 98 % higher 
in dusted plots than in non-dusted plots, even though epizootic plague was not detected during 
the study. Y pestis was not found in any of the 4,578 fleas taken from 1,258 prairie dogs, and 
only 35 of those prairie dogs calTied serum antibodies for plague (34 of the seropositive prairie 
dogs were from a single colony). Our data suggest that plague may be resident on prailie dog 
colonies rather than periodically invading from reservoirs elsewhere. The effects of enzootic 
plague raise serious concems for conservation of prairie dogs and other dependent species. 

Introduction 

Human-assisted invasions of alien species, including microorganisms, are widely recognized 
threats to global biodiversity and functioning of ecosystems (Andrewes 1967, Dobson and 
Hudson 1986, Hobbs and Humphries 1995, Kinzelbach 1995, Kaiser 1999; Daszak et al. 2000). 
Expansion of the plague-causing organism (Yersinia pestis) into additional continents from its 
likely origins in Asia or Afhca (Achtman et al. 1999) has dramatic ecological and evolutionary 
ramifications due to its lethality and extraordinary host range. Y pestis is a generalist found in > 
200 species of mammals (Pollitzer and Meyer 1961, Poland and Bames 1979), enhancing its 
ability to colonize new habitat. Plague causes large population reductions in rodents of several 
species within both its native range (Dyatlov 1972, Chelnokov et al. 1979) and introduced range 
(Bames 1993). Despite the potential of plague to alter ecosystems it invades, and the attention it 
has received as a human pathogen, it has received relatively little attention in reviews of effects 
of non-indigenous organisms (e. g. , Pimentel et al. 2000). 

This study was motivated by our concem for the general decline in prairie dogs (Cvnomys spp.) 
and the pmiicularly precarious status of Utah prairie dogs (Cynomys parvidens). The total 
number of Utah prairie dogs, estimated at >95,000 plior to 1920, declined to about 3,300 by 
1973, when the species was listed as endangered. Declines were attributed to plague, poisoning 
campaigns, and habitat alteration (U.S. Fish and Wildlife Service 1991). The species was down­
listed to threatened in 1984, due to an increase in the estimated population (to 7,988) by 1983. 
Most population expansions OCCUlTed on plivate lands, creating numerous conflicts (McDonald 
1993). Populations on public lands have been less successful, and their long-term viability has 
been questioned (Roberts et al. 2000). Some populations of Utah prairie dogs were known to 
have been decimated by epizootics of plague (U. S. Fish and Wildlife Service 1991, Roberts et 
al. 2000). Recent proposals to list the black-tailed prairie dog (c. ludovcianus) as threatened 
(Graber et al. 1999) and re-list the Utah prairie dog as endangered similarly exemplify the plight 
ofprailie dogs in general. Our concem about plague, however, extends beyond prailie dogs to 
other species of mammals with shrinking populations in western North Amelica (Biggins and 
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Kosoy 2001 a,b), and to those species that have not been monitored or have been monitored so 
poorly that even large-scale population reductions may have escaped notice. 

All species of prairie dogs are highly susceptible to plague (Ecke and Johnson 1950, Williams 
1986, Ubico et al. 1988, Bames 1993). Although epizootics of plague that cause high mortality 
of prairie dogs over wide areas are a connnonly noted phenomenon, plague may be enzootically 
maintained between the epizootics (as opposed to the hypothesis of maintenance ofthe disease 
by continued movement of the organism from community to community). Postulated 
mechanisms for maintenance of Y pestis include (1) survival ofthe bacterium in the soil, (2) 
persistence of the bacterium in fleas, and (3) maintenance of the bacterium in "reservoir" species 
of mammals in which Y pestis is relatively non-lethal. Although Y pestis has been identified as 
the probable cause of several population crashes of Utah prairie dogs, little is known about the 
ecology of plague in Utah prairie dog communities, particularly the inter-epizootic maintenance 
of Y pestis populations in the rodent community and its potential effect on prairie dogs as an 
enzootic disease. If enzootic plague is affecting populations of prairie dogs, an ambitious effort 
to remove the disease should result in increased survival rates of prairie dogs even in the absence 
of catastrophic epizootics of plague. We evaluated this possibility by controlling the fleas that 
serve as vectors of plague using deltametln'in powder applied to prairie dog burrows on 6 sites 
during 2001-2004. 

:Methods 

Treatments for plague control commenced in 2001, except at Horse Hollow where work began in 
2002 (Table 1). Experimental areas selected were up to 50 ha each, encompassing entire prairie 
dog colonies or pOliions thereof. The treatments were repeated in pairs (dusted and non-dusted) 
with as little physiographic and biotic variation as possible between members of each pair (e.g., 
slope, aspect, burrow density, quantity and type of vegetative cover, initial prairie dog density). 
Paired plots were in close proximity to each other, either by splitting colonies into two pmis or 
by using colonies that were separated by < 1 Im1. We attempted to reduce the incidence of 
plague (or eliminate it) from test areas by reducing the populations of fleas which transmit the 
disease. We controlled fleas by infusing a powdered deltamethrin fODnulation (DeltaDust®) into 
burrows during sunm1er months with pressurized applicators (Beard et al. 1992, Seery et al. 
2003), at a rate of about 4 g per burrow. 

Prailie dogs were captured and ear-tagged for individual identification, using a #1 monel 
fingerling fish tag in each ear. The East Creek colony, in Bryce Canyon National Park and 
adjacent Dixie National Forest, presented a situation somewhat different fl.-om other study sites 
because prairie dogs had declined to just a few animals (purportedly due to plague) before our 
study began. In 2001, we released 46 prairie dogs on the dusted half of the colony and 48 
animals on the non-dusted half. All were ear-tagged and treated in analyses as the marked 
popUlation for that year. We conducted visual counts on 4-9 ha plots once each year on each 
study area during 3 consecutive days (Fagerstone and Biggins 1986, Menkens et al. 1990). 
We collected small quantities of blood from prairie dogs via toe nail clipping and spent about 20 
seconds combing fleas from each animal captured (KarIm 1999). Blood and fleas were tested for 
Y pestis by the U.S. Centers for Disease Control and Prevention, Plague Branch, FOli Collins, 
Colorado. Blood samples were tested via passive hemagglutination assay (PHA). Fleas from 
individual hosts were pooled by species and sex, and emulsions were tested by mouse 
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inoculation and subsequent isolation. Direct fluorescent antibody tests were done on tissues 
from a few prairie dogs found dead. 

We used several methods to compare reencounter rates (the product of probability of capture and 
probability of survival) and true survival rates of ear-tagged prairie dogs on dusted and non­
dusted plots at the 6 study sites. ReencoUllter rates can be a reasonable index to survival rate 
Ullder some conditions, and are often called minimum survival rates, similar to the minimum 
number alive of Krebs (1966). The degree that reencounter rates underestimate survival rates is 
propOliional to the probability of capture (because [ survival probability] = [reencounter 
probability] / [capture probability D. If the assumption of equal probability of capture for all 
treatment groups can be reasonably met, use of reencounter rates to compare groups may be 
valid. 

For the simplest assessment ofreencounter rates, we used the non-parametric Wilcoxon test of 
signed rallies, which took full advantage of the paired nature of study sites; observations were 
differences between members of each pair. We assumed that the 17 pairs of year-site 
observations (Table 1) were independent and that probability of recapture was the same for the 
dusted and non-dusted plot at each site. It is important to note that, for this analysis, the 
assumption of equal probability of capture among sites and years was not necessary. Potential 
effects of other variables were ignored. Sample size for this analysis was 859 marked prai11e 
dogs. 

Our second approach involved logistic regression analysis, again using overall reencounter rates 
but allowing assessment of simultaneous effects of multiple vm1ables. For meaningful 
interpretation, it is necessary to assume equal probability of capture for all animals, or at least to 
control for factors that may cause probabilities of capture to vary. Among the most important of 
those factors is the m110lmt of trapping effOli at each site during each year. This variable was 
recorded for most (but not all) of the years and sites. Because trapping effort was theoretically 
influential, only the subset of years and sites with data on effort were used in the logistic 
regression analyses (n = 506 marked prairie dogs). Animals recaptured at the end of each annual 
interval were re-used at the beginning of the next time interval and were treated the same as 
newly-marked animals. The variable of primary interest was dusting, but covariates included in 
the general model were sex, elevation, capture history, effOli and density (all but density and 
effort were treated as categorical valiables). 

In our logistic regression model, the interaction between the plimary treatment (dust) and density 
during the year prailie dogs were marked was considered more impOliant to examine than the 
main effect of density, because we were primarily interested in detection of disproportionately 
different effects of density on reencounter rates for dusted and non-dusted plots. If plague is 
density dependent, we predicted that its effect would be greater on the unprotected prairie dogs 
of the non-dusted plots than on their dusted counterparts. 

In the final approach, we used complete capture histories for each animal marked at any time 
duling the study (which included multi-year consecutive recaptures and alternate year 
recaptures) to simultaneously estimate probabilities of capture and survival (program RELEASE, 
Burn11am et al.1987). The methodology for estimation in this approach and for the logistic 



regression approached described above relies on maximum likelihood theory. Choices for 
components of general models were made a priori on ecological and biological grounds outlined 
in original study plans. We attempted to simplify general models to the most parsimonious sub­
models that explained significant variation (Lebreton et al. 1992). Stepwise model reduction was 
used in logistic regression (using t-values), and Aikaike's Infol111ation Criterion (AIC, program 
RELEASE) was used for model selection in the final analysis of true survival rates. 

The Tom Best Spring site was the only Utah prairie dog study area where we found a large 
propOliion of adult prairie dogs to be carrying serum antibodies for plague-specific antigens 
(Biggins 2002b), and those antibodies may provide protection dUling subsequent exposure to 
plague. We therefore conducted a separate logistic regression analysis on data for adult prairie 
dogs at Tom Best Spring to examine the effect offOlmer plague exposure on survival. We 
predicted that the greatest benefit of immunity should be seen where the prairie dogs were least 
protected by our flea control; thus, the interaction between dust and titer was the most impOliant 
feature to be statistically assessed. 

Results 

The effect of flea control on reencounter rates and survival rates was substantial, regardless of 
analysis approach and attendant assumptions. The simple signed rank comparison of 
reencounter data for 17 paired plots (Fig. 1) yielded a highly significant pattem of differences (Z 

-2.689, P = 0.007). In the logistic regression modeling, dust was again influential (t = -2.880, 
P = 0.004) in the reduced model, which had 4 additional covariates. Overall reencounter rates 
were 77 % higher in the dusted plots than in the non-dusted plots, using unadjusted means (Fig. 
2). Finally, modeling within program RELEASE resulted in several closely-competing models, 
all of which maintained separate estimates of true survival rates for dusted and non-dusted plots. 
Differences between models mostly resulted from varied pooling over time. The model with the 
lowest AIC value (with 8 parameters) retained four separate estimates of survival (2 each for 
intervals 2001-2002 and 2002-2003); the average rate for the two intervals was 98% higher for 
the dusted than for the non-dusted plots (Fig. 3). The results from "Test 1" in RELEASE, 
considered an omnibus test of treatment effects, reinforced the conclusion that dusting had a 
significant effect (X2 = 14.852, df= 5, P = 0.011). 

We failed to generate any suppOli for density dependence of plague, as implied by lack of a 
meaningful statistical interaction between dusting and prairie dog density during the year 
animals were marked (t = -0.485, P = 0.628). Fig. 4 illustrates the simple relationship unadjusted 
by covariates. The main effect of density was similarly equivocal (t = -0.363, P = 0.716); so 
both the interaction and main effect terms were removed from the logistic regression model. 

The final logistic regression model provided evidence of a positive correlation between 
reencounter rate and trap hours of effort (t = 1.933, P = 0.053), reinforcing our a priori decision 
(based on theoretical considerations) to retain effort as a control variable in all logistic regression 
models, regardless of P-values. The interaction between elevation and dust was not influential in 
the logistic regression model (t = -0.349, P = 0.727), but the reencoUllter rates seemed different 
at different elevations (t = 1.980, P = 0.048) (Fig. 5). The final model also suggested that 
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reencounter rates were lower for males than for females (t = l.803, P = 0.071) (Fig. 6) and that 
reencounter rates were positively correlated with the lag between first capture and recapture (t = 
4.859, P < 0.001) (Fig. 7). 

The separate logistic regression analysis of data from the Tom Best Spring colony, to examine 
the effect of plague titers on reencounter rates, failed to detect an interaction between dusting and 
plague titers (t = 0.648, P = 0.517), and an overall main effect of titers on reencounter rates 
likewise was not supported (t = 0.795, P = 0.426). 

Plague detection rates were extremely low, except at Tom Best Spring. Y. pestis was not 
cultured from any of the 4,578 fleas taken from 1,258 Utah prailie dogs during 2001-2003. 
Fluorescent antibody tests failed to detect plague in tissues from the few dead prairie dogs 
encountered aboveground. Relatively few of the 1,258 prairie dogs had serum antibodies for 
plague. In 2001, however, 77 % of the adult prairie dogs (17 of 22) carried antibodies for plague 
at Tom Best Spring. Only 9 % (2 of23) of juveniles were seropositive in 2001; their low titers 
(1 :32) could have been from passive immunity, as some adult females at the site had high 
antibody levels. In 2002, 17 of20 adults were seropositive, but by 2003, only 2 of 28 were 
positive. At Tom Best Spring, a juvenile prairie dog residing on the non-dusted plot was 
seropositive for plague (1 :32) on 4 June 2003. Thus, it was likely exposed to the disease during 
the previous month, suggesting that plague was active at the site in 2003. Because few adults 
were seropositive for plague in 2003, it seems unlikely that the juvenile's titer was matemally 
derived. PHA titers declined for 5 of the 6 prairie dogs recaptured in 2002 that were seropostive 
in 2001 (Table 2). Senllll antibodies were detected in only 1 additional Utah prairie dog (at Wild 
Pea Hollow) during all years of the study (Table 2). 

Discussion 

Fleas were effectively controlled by the arumal treatments of deltamethrin, with reductions of 96-
98 percent 1 month after treatment and reductions of 52-86 percent 10 months after treatment 
(Biggins 2002). There is little doubt that treating prairie dog burrows with deltamethrin 
improved the survival rates of prairie dogs. The lack of epizootics of plague on our study sites 
was both fortmlate and problematic. It would have been more difficult to study enzootic plague 
if epizootics had intervened. Most detections of plague, however, occur during or after 
epizootics, so plague was difficult to detect during our study. Our failure to detect plague at 
most sites raises the question of whether or not the disease was present. One might wonder 
whether the effect we observed was.due to some other vector bom disease or due to ectoparasites 
themselves. Our proposed flea control methods may reduce or eliminate other ectoparasites that 
may playa role in other vector-bome diseases (e.g., ticks and tularemia). Also, the collective 
reduction in popUlations of various parasites could have direct effects on host mammals. 
Nevertheless, we suggest that plague is the most likely explanation for the changes in survival 
we observed because (1) plague is known to be lethal to prairie dogs, (2) fleas that serve as 
vectors for plague are by far the most common ectoparasites on Utah prairie dogs (our data and 
those of Hoogland et al. 2004), (3) our study showed that deltamethrin was highly effective in 
controlling fleas, and (4) plague has been detected in these study areas historically, in other 
recent studies (Hoogland et. al. 2004), and in our monitoring. Additionally, there is evidence 
that pyrethroid applications to control fleas in prairie dog bmrows also halted plague epizootics 
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(Seery et al. 2003, Hoogland et al. 2004). Altemative explanations for the effects we observed in 
this study seem less likely because (1) ticks that are vectors for tularemia are relatively 
uncommon on prairie dogs, (2) flesh flies and bot flies are only rarely found in prairie dogs (our 
observations and those ofD. Long, pers. comm.), and we have no evidence that deltamethrin 
powder applied to burrows will control them, (3) fleas seem to produce rather benign direct 
effects on other species of rodents (Khokhlova et al. 2002), (4) other effects (e.g., other diseases, 
insect prey eaten by prairie dogs) are not supported by data and remain highly speculative. 

Nine marked prairie dogs were known to have changed plots between years. We cannot be 
celiain where they spent the most time during the intervals assessed. Because there were few 
such animals and they moved nearly equally from and to dusted plots, we assumed that they had 
little effect on results of our analyses. This sparse immigration and emigration suggests that 
popUlations were not maintained in equilibrium by source-sink dynamics (e.g., dispersal from 
dusted to non-dusted plots). We cannot, however, discount the effect of proximity of dusted and 
non-dusted plots. Flea movements could have occUlTed even without major prairie dog 
dispersal, and other species of mammals may have moved frequently between the plots. 

A close examination of effect of prairie dog density on survival was important because of 
prevalent theory regarding density dependence in disease transmission in general and plague 
cyclicity in pmiicular (Bames 1993). Ifplague reduced survival of prairie dogs on the colonies 
we studied and its effect was density dependent, we should have detected an interaction between 
dusting and density in the logistic regression model of reencounter rates. Fmihermore, the wide 
range of densities present (0.3 to 51.0 prairie dogs/ha) (Fig. 4) should have provided ample 
oppOliunity for a density dependent effect. Our failure to detect an interaction could have been 
due to low power of the experiment, but our experiment was sufficiently powerful to detect 
numerous other effects. It seems more likely that either density dependence is not a factor of 
great impOliance in the dynamics of enzootic plague, or that some other factor is counteracting 
the density dependence of plague. At least two factors, competition for forage and rate of 
disease transmission, would be expected to cause a negative correlation between prailie dog 
density and survival rate. In prairie dogs and other colonial species, however, there may be a 
positive correlation between prailie dog density and survival due to increased efficiency of 
predator avoidance as density increases. We presume that this is a relatively powerful selective 
force to have favored the degree of sociality present in prairie dogs (Hoogland 1995). Thus, our 
failure to detect a relationship between density and survival may be due to the balancing of these 
two tradeoffs. This line of reasoning spawns speculation about whether the introduction of this 
exotic disease may have tipped the balance toward a lower level of sociality for optimum 
survival in prairie dogs. 

Considering the evidence that human cases of plague are positively correlated with precipitation 
(Pannenter et al. 1999, Enscore et al. 2004) and evidence positively correlating plague detections 
with elevation (Hoar et al. 2002, Arjo et al. 2003), we anticipated that effects of dusting might 
vary with elevation. Conditions tend to become more mesic with increasing elevation. Our 
prediction that the disparity between reencounter rates for dusted and non-dusted plots would 
increase with elevation was not strongly sUPPOlied, however. Our data gave equivocal results, 
showing a tendency for decreasing reencounter rates with increasing elevation, but failing to 
demonstrate the expected interaction. The trend is intriguing, but more data are needed on the 
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subject. The shortage of data at high elevation and low elevation (one site each) weakened this 
aspect of the expeliment. 

We predicted that reencounter rates for prairie dogs with serum antibodies for plague (at Tom 
Best Spring) might be higher than for seronegative animals, but no relationship was detected. 
Many animals (18/34) had low titers (1 :32, 1 :64) which may not be protective. Also, power to 
detect this effect was low due to small sample sizes (8 of 34 "vaccinated" prairie dogs were 
recaptured, a rate of24% compared to16% for non-vaccinated animals). 

Additional methods of plague control. are under development and testing. Most promising are 
vaccines for plague and insect growth regulators (IGRs) that intemlpt growth or reproductive 
cycles of fleas. The vaccine will directly target plague in rodents, with little chance of altering 
the community of mihropods in the prairie dog ecosystem. The IGRs are somewhat more 
attractive than pyrethroids for large scale applications because they can be administered directly 
to prairie dogs and other rodents via baits (KarIm 1999, KarIm and Anderson 2000); thus, they 
are more target-specific. Future studies incorporating both the vaccine and flea control methods 
would make it possible to distinguish between direct effects of parasites and effects of plague 
itself. 

Similar objectives are being addressed in our studies of plague ecology in white-tailed prairie 
dogs (C. leucurus) and black-tailed prairie dogs. On white-tailed prairie dog study areas, Y 
pestis was detected on sites which had not undergone noticeable die-offs of prairie dogs (Biggins 
2000), although population densities had remained low for an extended period. Y pestis was 
detected in Pulex simulans flea pools from 25 of 48 prairie dogs captured and marked in 2 
experimental areas. On the two experimental areas with plague, the recapture rate after 2 months 
for prairie dogs harboring plague positive fleas (22 %) was similar to the rate for prairie dogs 
with plague negative fleas (26 %). Given the lethality of plague in prairie dogs, the lack of 
detectable effect of plague-positive fleas on recapture rates of prairie dogs was unexpected. 
Perhaps Pulex simulans, a relatively inefficient transmitter of Y pestis (K. Gage, pers. comm.), 
helps maintain plague in prairie dog communities by harboring the organism without exposing 
large numbers of prairie dogs to it. These findings suppOli the contention that our understanding 
of transmission routes for sylvatic plague in North America remains rather rudimentary. 

Most discussion of the effects of plague in prairie dog populations focuses on the catastrophic 
effects of epizootics. Modeling of prairie dog dynamics often invokes periodic catastrophies due 
to plague (Roberts et al. 2000). A prevalent perceptual model of plague in prairie dog 
communities involved periodic invasion of colonies by Y pestis organisms that come from other 
sources when the densities of prairie dogs reached appropriate levels to sustain rapid 
transmission, resulting in nearly complete die-offs and subsequent local disappearance of the 
bacterium due to lack of hosts. Attributes of epizootics, including synchrony of outbreaks, rates 
of mortality, and rates of spread influence estimates of persistence for prairie dog colonies. The 
ecology of plague during inter-epizootic periods is less well understood. 

What are the ramifications if plague persists at low levels as a chronic disease of prairie dogs? 
Effects of chronic persistence of low levels of plague may be sufficiently severe that populations 
of Utah prairie dogs may not persist over moderate time spans, even in the absence of 
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catastrophic losses due to epizootic plague. The mortality rate changes we observed may result 
in struggling populations under all but the most favorable conditions. The failure to demonstrate 
that this form of plague is density dependent is particularly disturbing. The disease may have an 
additive effect that is superimposed over background stochasticity. Population persistence 
should be modeled with VORTEX or other suitable modeling software for assessing extinction 
rates, to examine long-term effects of enzootic plague suggested by our mortality data. Second, 
if Y. pestis is resident on prairie dog colonies instead of a periodic invader, previous conceptual 
views of diseases dynamics may be invalid. This change in outlook has several ramifications. 
The organism may not need a "reservoir" away from prairie dog colonies in order to persist, and 
looking for reservoir species of mammals may prove fruitless. Similarly, discussions regarding 
how plague seems to move from prairie dog colony to prairie dog colony during epizootics, and 
how the disease may skip colonies within a complex, need to be revisited. The organism may 
benefit from being transpOlied by mammalian hosts and their fleas in terms of broad scale 
spread, but may be less reliant on those mechanisms once it has become a resident. Our 
observations of "spread" in epizootic plague may simply be an alii fact of relatively independent 
population expansions of Y. pestis on separate prairie dog colonies that have undergone 
synchronous changes in conditions favoring bacterial growth rates (e.g., temperature, moisture, 
flea populations). The concepts of source-sink metapopulation dynamics and population 
amplification of Y. pestis in prairie dog communities also should be reviewed. Our data were 
insufficient to document interactions between plague effects and elevation of prairie dog 
colonies, but these relationships need further investigation. We hypothesize that source-sink 
dynamics are operative in relatively large scales of space and time. For example, plague may be 
persistent where the climate is typically optimal, but may migrate periodically into peripheral 
habitat when conditions are most favorable. It seems likely that good and poor conditions for 
plague are conelated to weather phenomena at several scales (Pam1enter et al. 1999, Enscore et 
al. 2002). 

Our data suggest that Y. pestis is not periodically invading prairie dog colonies from distant 
reservoirs, but remains in the vicinity of the colonies or within the colonies. The elevated 
mortality rates for prairie dogs on our non-dusted plots infer that prairie dogs themselves may 
serve as the reservoir hosts for Y. pestis. Perhaps the disease is dynamic simply because, during 
good years for prairie dogs (e.g., due to abundant forage or low predation), population growth 
rates for the rodents temporarily exceed the capability of Y. pestis to colonize new hosts, causing 
a lag effect. Similarly, during poor years for Y. pestis (e.g., due to low flea numbers or low 
densities of combined species of hosts), the bacteria may become too rare be detected with the 
monitoring methods we used. 

Acknowledgments 

We appreciate the long-tem1 assistance from the Centers for Disease Control and Prevention, and 
especially thank K. Gage for advice and stimulating conversations regarding plague, J. 
Montenieli for flea identification and preparation of flea pools for testing, and L. Carter for 
processing of prairie dog blood and tissue samples. We are indebted to the long hours of work 
coordinated by our crew leaders, including J. Carlson, A. Schwarz, M. Martin, A. Overturf, S. 
Marcum, T. Ken, J. Humphries, J. Hardin, N. Marymor, J. Farrar, A. Skeen, and the many 
technicians who assisted them. R. Reading, B. Miller, and D. Stem ofthe Denver Zoological 

8 



Foundation provided logistical suppOli for the study. We thank T. Owens (fonnerly with the U. 
S. Fish and Wildlife Service) for encouraging us to begin this work and K. Day (Utah Division 
of Wildlife Resources) and B. Bonebrake (Bureau of Land Management) for their continued 
assistance on a day-to-day basis in ways too numerous to itemize. Funding was provided by 
several federal agencies, including the Fish and Wildlife Service, the Geological Survey, and the 
Bureau of Land Management, as well as the Utah Division of Wildlife Resources and the Utah 
Department of Natural Resources Endangered Species Mitigation Fund. Additional in kind 
suppOli was provided by the National Park Service and the U. S. Forest Service. 

9 



Literature Cited 

Achtman, M., K. Zurth, G. Morelli, G. Tonea, A. Guiyoule, and E. Call1iel. 1999. Yersinia 
pestis, the cause of plague, is a recently emerged clone of Yersinia pseudotuberculosis. 
Proceedings of the National Academy of Sciences 96:14043-14048. 

Andrewes, C. H. 1967. The natural history of viruses. Weidenfeld and Nicolson. 

Aljo W. M., E. M. Gese, C. Bromley, A. Kozlowski, and E. S. Williams. 2003. Serologic survey 
for diseases in free-ranging coyotes (Canis latrans) from two ecologically distinct areas 
of Utah. Joul11al of Wildlife Diseases 39:449-455. 

Bal11es, A. M. 1993. A review of plague and its relevance to prairie dog populations and the 
black-footed fenet. Pp. 28-37 in Management ofPrailie Dog Complexes for 
Reintroduction of the Black-footed Fenet. U.S. Fish and Wildlife Service, Biological 
RepOli 93(13). 

Beard, M. L., S. T. Rose, A. M. Bal11es, and J. A. Montenieri. 1992. Control of OrposyUa 
hirsuta, a plague vector, by treatment of prairie dog bunows with a 0.5 % pennethrin 
dust. Journal of Medical Entomology 29:25-29. 

Biggins, D. 2000. Summary of recent black-footed fenetiprairie dog research activities. 
Unpublished repOli, Fort Collins Science Center, USGS/BRD. 

Biggins, D. 2002. Updates 4-5 on prairie dog studies. Unpublished reports, Fort Collins Science 
Center, USGS/BRD. 

Biggins, D. 2002b. Summary of recent black-footed ferret/prairie dog research activities. 
Unpublished repOli, FOli Collins Science Center, USGS/BRD. 

Biggins, D. E., and M.Y. Kosoy. 2001a. Influences of introduced plague on North Alnerican 
mammals: implications from ecology of plague in Asia. Journal of Mamma logy 82:906-
916. 

Biggins, D. E., and M. Y. Kosoy. 2001b. Disruptions of ecosystems in western North America 
due to invasion by plague. Joul11al of the Idaho Academy of Science 37:62-65. 

Burnham, K. P., D. R. Anderson, G. C. White, C. Brownie, and K. H. Pollock. 1987. Design and 
analysis methods for fish survival experiments based on release-recapture. American 
Fisheries Society Monograph #9, Bethesda, Maryland. 

Chelnokov, V. N., A. Zuichenko, and Yu. Fedyashev. 1979. Fluctuations of the southern 
boundary of the range of the steppe polecat in western Turkmenia. Moskovskoe 
Obshchestvo Ispytatele i Plirody, Biulleten 84:46-48. 

Daszak, P., A. A. Cunningham, and A. D. Hyatt. 2000. Emerging infectious diseases of wildlife-

10 



threats to biodiversity and human health. Science 287:443-449. 

Dobson A. P., and P. J. Hudson. 1986. Parasites, disease and the structure of ecological 
communities. Trends in Ecology and Evolution 1: 11-15. 

Dyatlov, A. 1. 1989. Evolutionary aspects in natural focality of plague. Stavropol Krai Press, 
Stavropol. 

Ecke, D. H., and C. W. Jolmson. 1950. Sylvatic plague in Park County, Colorado. Transactions 
of the N O1ih American Wildlife Conference 15: 191-197. 

Enscore, R.E., B. J. Biggerstaff, T. L. Brown, R. F. Fulgham, P. J. Reynolds, D. M. Engelthaler, 
C. E. Levy, R. R. Pannenter, J. A. Montenieri, J. E. Cheek, R. K. Grilmell, P. J. Ettestad, 
K. L. Gage. 2002. Modeling relationships between climate and the frequency of human 
plague cases in the southwestem United States, 1960-1997. American Journal of 
Tropical Medicine and Hygiene 66: 186-96. 

Fagerstone, K. A. and D. E. Biggins. 1986. Comparison of capture-recapture and visual count 
indices of prairie dog densities in black-footed ferret habitat. Great Basin Naturalist 
Memoirs 8:94-98. 

Graber, K., T. France, and S. Miller. 1999. Petition for rule listing the black-tailed prairie dog 
(Cynomys ludoviciallus) as threatened throughout its range. National Wildlife Federation, 
Boulder, Colorado. 

Hoar B. R., B. B. Chomel, D. L. Rolfe, C. C. Chang, C. L. Fritz, B. N. Sacks, and T. E. 
Carpenter. 2002. Spatial analysis of Yersinia pestis and Bartonella vinsonii subsp. 
berkhojjii seroprevalence in California coyotes (Canis latrans). Preventive Veterinary 
Medicine 56:299-311. 

Hobbs, R. J., and S. E. Humphries. 1995. An integrated approach to the ecology and 
management of plant invasions. Conservation Biology 9:761-770. 

Hoogland, J. L., S. Davis, S. Benson-Amram, D. Labnma, B. Goosens, and M. A. Hoogland. 
2004. Pyrapernl kills fleas and halts plague among Utah prairie dogs. The Southwestern 
Naturalist 49:376-383. 

Hoogland, J. L. 1995. The black-tailed prairie dog: social life of a burrowing mammal. 
University of Chicago Press, Chicago, Illinois. 

Kaiser, J. 1999. Stemming the tide of invading species. Science 285:1836-1841. 

KarIm, R. R. 1999. Field trials of technical pyriproxyfen (Nylar) and PyrapelID in black-tailed 
prairie dog (Cynomys ludovicianus) towns on the Rocky Mountain Arsenal National 
Wildlife Refuge, Colorado. M.S. Thesis, University of Wyoming, Laramie. 

11 



Karhu, R. R., and S. H. Anderson. 2000. Effects ofpyriproxyfen spray, powder, and oral bait 
treatments on relative abundance of nontarget artlu'opods of black-tailed prairie dog 
(Rodentia: Sciuridae) towns. Journal of Medical Entomology 37:612-618. 

Khold1lova, LS., B.R. Krasnov, M. Kam, NJ. Burdelova, and A.A. Degen. 2002. Energy cost of 
ectoparasitism: the flea Xenopsylla ramesis on the desert gerbil Gerbillus dasyurus. J. 
Zoo1., Lond. 258:349-354. 

Kinzelbach, R. 1995. Neozoans in European waters-exemplifying the worldwide process of 
invasion and species mixing. Experientia, 51 :526-538. 

Krebs, C. J. 1966. Demographic changes in fluctuating populations of iVficrotus califomicus. 
Ecological Monographs 36:239-273. 

Lebreton, J. D., K. P. Bumham, J. Clobeli, and D. R. Anderson. 1992. Modeling survival and 
testing biological hypotheses using marked animals: a unified approach with case studies. 
Ecological Monographs 62:67-118. 

McDonald, K. P. 1993. Analysis of the Utah prairie dog recovery program, 1972-1992. Utah 
Division of Wildlife Resources Pubhcation 93-16, Cedar City, Utah. 

Menkens, G. E., D. E. Biggins, and S. H. A.nderson. 1990. Visual counts as an index of white­
tailed prairie dog popUlation density. Wildlife Society Bulletin 18:290-296. 

Pal111enter R. R., E. P. Yadav, C. A. Parmenter, P. Ettestad, and K. L. Gage. 1999. Incidence of 
plague associated with increased winter-spring precipitation in New Mexico. American 
Joumal of Tropical Medicine and Hygiene 61:814-821. 

Pimentel, D. , L. Lach, R. Zuniga, and D. Morrison. 2000. Enviromnental and economic costs of 
nonindigenous species. Bioscience 50:53-65. 

Poland, J. D. ,and A. M. Bames. 1979. Plague. Pp. 515-597, in CRC handbook series in 
zoonoses, Section A: Bacterial, rickettsial, and mycotic diseases (J. F. Steele, ed. ). CRC 
Press, Boca Raton, Florida. 

Pollitzer, R. , and K. F. Meyer. 1961. The ecology of plague. Pp. 433-590, in Studies in Disease 
Ecology (J. M. May, ed. ). Hafner Publishing Company, Inc., New York. 

Roberts, W. M., J. P. Roddguez, T. C. Good, and A. P. Dobson. 2000. Population viability 
analysis of the Utah prairie dog. Unpublished repOli, Princeton University. 

Seery, D. B., D. E. Biggins, J. A. Montenieri, R. E. Enscore, D. T. Tanda, and K. L. Gage. 2003. 
Treatment of black-tailed prairie dog burrows with deltamethrin to control fleas (Insecta: 
Siphonaptera) and plague. Joumal of Medical Entomology 40:718-722. 

Ubico, S R., G. O. Maupin, K.A. Fagerstone, and R. G. McLean. 1988. A plague epizootic in 

12 



the white-tailed prairie dogs (Cynomys leucurus) of Meeteetse, Wyoming. J. Wildlife 
Diseases 24:399-406. 

U S. Fish and Wildlife Service. 1991. Utah prairie dog recovery plan. U S. Fish and Wildlife 
Service, Denver, Colorado. 

Williams, E. S. 1986. Experimental infection of white-tailed prairie dogs (Cynomys leucurus) 
with plague (Yersinia pestis). Preliminary repOli to the US. Fish and Wildlife Service, 
FOli Collins, Colorado. 11 p. 

13 



Table 1. Utah prairie dog colonies where plots dusted with deltametln-in were paired with non­
dusted plots. 

Site Elevation Land Management Agency Years 
(meters) 

West Desert 

Horse Hollow 1622 Bureau of Land Management 2002-2004 
Wild Pea Hollow 1951 Bureau of Land Management; State 2001-2004 

Paunsaugunt Plateau 

Tom Best Spring 2347 Forest Service 2001-2004 
East Creek 2384 Forest Service; Park Service 2001-2004 
Johnson Bench 2408 Forest Service 2001-2004 

Awapa Plateau 

The Tanks 2697 State 2001-2004 
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Table 2. Results from passive hemagglutination assays on Utah prairie dogs that were 
seropositive for plague. 

Maximum dilution (1 :X) at which 
agglutination was detected 

(for year indicated) 
Site Sex Age Animal 2001 2002 2003 

Tom Best Spring M A 3325 32 0 0 
Tom Best Spring M J 3323 32 

Tom Best Spring M A 3383 32 

Tom Best Spring F A 3331 64 128 

Tom Best Spring F A 3329 64 

Tom Best Spring F A 3335 64 0 

Tom Best Spring M A 3391 64 

Tom Best Spring M A 3814 64 
-

Tom Best Spring F A 3350 128 32 

Tom Best Spring M A 3816 128 

Tom Best Spring F A 3852 128 

Tom Best Spring M A 3802 256 64 

Tom Best Spring F A 3396 256 

Tom Best Spring F A 3812 1024 128 

Tom Best Spring F A 3347 1024 

Tom Best Spring F J 3385 1024 

Tom Best Spring F A 3387 1024 

Tom Best Spring F A 3862 1024 

Tom Best Spring F A 3339 4096 

Tom Best Spring F A 3350 32 

Tom Best Spring F A 3381 32 

Tom Best Spring F A 3381 32 

Tom Best Spring F A 3824 32 

Tom Best Spring F A 3824 32 

Tom Best Spring F A 2498 64 

Tom Best Spring F A 3686 64 

Tom Best Spring M A 3802 64 

Tom Best Spring F A 3331 128 

Tom Best Spring M A 3680 128 

Tom Best Spring F A 3812 128 

Tom Best Spring F A 3876 128 

Tom Best Spring F A 3676 256 

Tom Best Spring M J 1874 32 

Tom Best Spring F A 1880 64 

Wild Pea Hollow F A 1614 32 
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Figure 1. Reencounter rates for 859 marked Utah prairie dogs on plots dusted with deltamethrin (shaded 
bars) and non-dusted plots (non-shaded bars) at 6 study sites during 2002-2004. Scales were allowed to 
vary to emphasize comparisons between treatments within study sites and years. 
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Figure 2. Reencounter rates (means, 95% CIs) for Utah prairie dogs on dusted and non-dusted 
plots during 2001-2003, without considering effects of other variables. 
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Figure 3. Survival rates (means, 95% CIs) for Utah prairie dogs on dusted and non-dusted 
plots during 2001-2003, as estimated by the preferred model of program RELEASE (model 
selection via AlC). 
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Figure 4. Relationship between densities of Utah prairie dogs estimated by visual counts 
and reencounter rates of marked prairie dogs trapped the following year. 
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Figure 5. Reencounter rates (means, 95% CIs) for Utah prairie dogs at low, medium, and high 
elevations during 2001-2003, without considering effects of other variables. 
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Figure 6. Reencounter rates (means, 95% CIs) for male and female Utah prairie dogs during 
2001-2003, without considering effects of other variables. 
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Figure 7. Reencounter rates (means, 95% CIs) for Utah prairie dogs with various capture 
histories during 2001-2003, without considering effects of other variables. 
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