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1.0 INTRODUCTION

Periodic outbreaks of sylvatic plague, a zoonotic flea-borne disease, caused by the bacterium Yersinia
pestis (Y. pestis), have had near catastrophic effects on some mammal populations, including prairie
dogs and the endangered black-footed ferret (Mustela nigripes). Although human plague cases in the
United States are relatively infrequent, the disease can be fatal, and its occurrence generates
considerable public concern and media attention. A recent outbreak of plague in prairie dogs outside
of Denver, Colorado (CO), forced the closure of several state parks and restricted outdoor recreational
activities. Sylvatic plague is relevant to the U.S. Department of Defense (DOD) because prairie dogs,
ground squirrels, and other susceptible rodents are present on military installations in several western
states, and the occurrence of plague has been known to curtail military exercises in the past. Other
vector-borne zoonotic pathogens, such as Bartonella spp. and Rickettsia spp., are also associated with
rodents and fleas. Arthropod-borne diseases, like plague, are thought to be particularly sensitive to
local climate conditions, and expected changes in temperature and humidity over the next several
decades will likely increase the northern expansion of plague outbreaks in wildlife. Through a
combination of field and laboratory work, along with data-driven modeling, the project team
evaluated the potential effects of climate change on plague exposure pathways in prairie dogs, ground
squirrels, and other rodents to provide guidance to DOD partners regarding the potential for future
outbreaks. As part of this project, the project team validated the use of an orally delivered sylvatic
plague vaccine (SPV) for use as a management tool to prevent outbreaks.

2.0 OBJECTIVES

Aim 1: Ecological studies. Determine the relation between local climate conditions and the
prevalence of plague and other flea and/or blood-borne pathogens (e.g., Francisella tularensis (F.
tularensis), Bartonella spp., Rickettsia spp.) on DOD and nearby lands while assessing the
ecological roles of specific rodent hosts and vector species in plague dynamics.

Aim 2: Vector biology. Evaluate flea intensity on rodent hosts in relation to local climate
conditions and the relative abundance of fleas in burrows in relation to burrow microclimate.

Aim 3: Modeling impacts of climate change on plague dynamics. Develop models to predict
the effects of climate change on plague dynamics, including the frequency and intensity of
outbreaks and the potential use of vaccination to reduce outbreaks.

3.0 TECHNICAL APPROACH

The project team used data and archived samples from a large-scale field study in western states
to determine the composition of flea and small mammal communities, assess the prevalence of Y.
pestis and other pathogens in hosts and vectors, and determine how local climate (including burrow
microclimate) influences flea survival and relative abundance. These data were collected as part
of a large-scale study recently completed by the U.S. Geological Survey (USGS), several other
U.S. Department of the Interior (DOI) agencies, and state agencies to test SPV as a potential
management tool to reduce the risk of plague outbreaks in grassland ecosystems. Data were
included from 23 paired study plots (placebo and vaccine deployed sites) at 10 locations in six
western states and many sites near DOD lands, including pairs on the following prairie dog colonies:



black-tailed prairie dog (BTPD) (Cynomys ludovicianus), Gunnison’s prairie dog (GPD) (Cynomys
gunnisoni), white-tailed prairie dog (WTPD) (Cynomys leucurus), and Utah prairie dog (UPD)
(Cynomys parvidens) (Figure 1; Rocke et al. 2017; Russell et al. 2018; Russell 2019).
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Figure 1. Map of Study Pairs

Polygons indicate the ranges of different prairie dog species: lavender for BTPDs (Charles M.
Russell National Wildlife Refuge, Montana; Wind Cave National Park, South Dakota (WCSD);
Buffalo Gap National Grassland, South Dakota (BGSD); Lower Brule Sioux tribal lands, South
Dakota (LBSD); Rita Blanca National Grassland, Texas (RBTX)); light green for WTPDs
(Pitchfork Ranch, Wyoming (PRWY); Coyote Basin, Utah (CBUT)); light yellow for UPDs
(Cedar City, Utah (CCUT); High elevation, Utah (HEUT)); and blue for GPDs (Espee Ranch,
Arizona (ERAZ). Numbers in parenthesis indicate the number of paired plots.

Vaccine or placebo was delivered through small flavored baits, distributed on prairie dog towns.
At least one week and no more than one-month post-bait distribution each year, local collaborators
captured, marked, and sampled prairie dogs for a minimum of three trap days. Squirrels and other
small rodents were also trapped for at least three consecutive nights on most plots (Bron et al.
2018). Sex, estimated age, and the identity of all current year and prior year recaptures were
recorded for each captured animal. Hair/whiskers, blood, and fleas were collected from captured
prairie dogs and small mammals.

To determine the relation between ambient climate, burrow microclimate, and flea populations,
the project team conducted additional field studies across a wide latitudinal gradient, which
allowed them to survey a range of environmental conditions. The project team swabbed prairie
dog burrows to collect fleas during two sessions -- one in early summer and one in late summer at
BTPD colonies at seven sites that spanned the entire BTPD range within the United States (Figure
2). Burrow temperature, ambient temperature, and relative humidity (RH) were measured by

iButton Hygrochron data loggers that were placed in burrows and on the surface at each colony
(Poje 2019).



Figure 2. Map of Field Sites Used for Burrow Swabbing

For burrow swabbing to collect questing fleas, seven field sites (labeled in gray) were chosen in
six U.S. states: CO, Montana (MT), North Dakota (ND), South Dakota (SD), New Mexico (NM),
and Arizona (AZ). The sites in MT and CO, and the two sites in SD (BGSD and LBSD) were
sampled during 2016 and 2017; AZ was sampled in 2017 only, and NM was sampled in 2016 only.

Fleas collected from live animals, carcasses, and burrows were counted and identified to species
using published taxonomic references (Furman and Catts, 1982; Hubbard, 1947; Stark 1970), and
pooled by species and sex, up to 10 individuals per pool from a single animal or burrow. Flea pools
were tested for the presence of Y. pestis, F. tularensis, Rickettsia spp., and Bartonella spp. using
real-time polymerase chain reaction (PCR).

Lateral flow tests (Abbott et al. 2014) were used to detect antibodies against Y. pestis F1 and V
antigens in blood samples collected from prairie dogs and small rodents.

The project team analyzed flea abundance and prevalence on prairie dogs. The project team used
logistic regression and negative binomial regression with least absolute shrinkage and selection
operator (LASSO) (Tibshirani 1996) priors in a Bayesian framework to assess factors related to
total flea abundance, Oropsylla hirsuta (O. hirsuta) abundance, and Pulex simulans (P. simulans)
abundance. This allowed us to examine factors related to both the number of fleas on a host
(abundance) and the presence/absence of fleas on a host (prevalence). The project team evaluated
factors associated with prevalence of fleas and overall flea abundance, including variables related
to climate and seasonal weather patterns (Russell et al. 2018).

To assess the association between the rodent and flea communities on the different study areas,
the project team used a study plot by flea species matrix and a study plot by rodent matrix with the
abundance of all years combined to create the most complete dataset. The rodent abundance matrix
(plot by rodent species) contained the individual rodent species that were combed for fleas. These
matrices were visualized in nonmetric multidimensional scaling (NMDS) plots. The project team
compared Bray-Curtis dissimilarity matrices of flea species per plot and rodent species per plot.
Host-flea associations were quantified and qualified. To assess the level of individual
specialization of the flea species, the project team quantified host specificity (Bron 2017).

The project team modeled the relative abundance of a given flea species and the prevalence of
fleas in burrows in generalized linear models as a response to temperature and precipitation.



The project team also modeled daily mean burrow temperature and daily mean RH in relation to
climate variables (Poje 2019).

Poje (2019) used unpublished data from a dissertation (Metzger 2000) in which Oropsylla
montana (O. montana) fleas were reared on captive California ground squirrels (Otospermophilus
beecheyi) at various temperatures and RH levels. Using a generalized linear mixed model, Poje
(2019) used these data to develop a degree-day model to predict flea development rates and
potential generation times across a range of temperatures.

The project team developed spatially explicit agent-based models (ABMs) of plague dynamics
based on previously developed models (Richgels et al. 2016; Buhnerkempe et al. 2011). Our
ABMs are parameterized from field data, laboratory studies, and previously published literature.
In the models, the probability that a prairie dog will interact with an infected flea, infected live
prairie dog, or infected carcass is controlled by parameters estimated from field data. The project
team used spatial-capture recapture (Royle et al. 2013) to estimate the size of the activity centers
for each prairie dog and estimate a center of activity for both observed individuals and individuals
estimated to be in the population.

Transmission of plague by fleas is a complex process that involves fleas proceeding from early to
latent to late stages of infection (Figure 3). During the early and latent stages of infection, fleas may
clear infection and return to the susceptible stage. The parameters in the models included estimated
uncertainty. Therefore, the project team ran multiple scenarios encompassing the full range of the
parameter estimates. Latin Hypercube sampling (Iman et al. 1981) was used to reduce the number
of total simulations run. The project team then conducted a boosted regression tree on the response
variable outbreak occurrence where outbreak occurrence was one if less than 20 prairie dogs
survived the 150 days and outbreak occurrence was zero if greater than 20 prairie dogs survived the
season, including mean number of prairie dogs surviving the season, and time to extinction.
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4.0 RESULTS AND DISCUSSION

The project team identified host/flea relationships in small mammal communities in prairie dog
colonies to assess the most critical plague exposure pathways. Briefly, the project team identified
20,041 fleas from 6,542 prairie dogs sampled between June and November over a four-year period
and identified 18 species of fleas. The prairie dog specialist flea, O. hirsuta, was the most common
species detected, comprising 59% of all fleas sampled and occurring on all pairs except UPD pairs
located at HEUT and both WTPD pairs in PRWY. The second most commonly detected flea
species was P. simulans, a generalist flea species, which accounted for 23% of fleas identified
(Russell et al. 2018).

The project team assessed the geographical variation in flea community composition and flea
specificity on the study sites. The results indicate rodent and flea species community composition
and abundance per plot are related and differ geographically. Host specialization of individual flea
species in each study area varied, but many fleas were specialists. Flea switching was rare; 0.3% of
fleas collected from short-lived rodents were prairie dog fleas and 0.05% of the fleas collected from
prairie dogs were short-lived rodent fleas. This is additional evidence that plague transmission
between short-lived rodents and prairie dogs by fleas is extremely rare, but not impossible.

The number of prairie dogs with Y. pestis detections in fleas was low (n = 64 prairie dogs with
positive fleas out of 5,024 prairie dogs sampled). Twenty-five of the prairie dogs with Y. pestis
positive flea pools were found on placebo plots and 39 on vaccine plots. Y. pestis positive fleas were
found in flea pools of seven different species including P. simulans, O. hirsuta, Oropsylla tuberculata
(O. tuberculata), Oropsylla labis, Oropsylla idahoensis, Thrassis francisi, and Neopsylla inopina.

The project team did not detect plague-positive fleas on short-lived rodents during plague outbreaks
in prairie dogs. However, plague-positive mouse fleas (Aetheca wagneri, Pleochaetis exilis,
Orchopeas leucopus) were detected on mice prior to plague-induced declines in BTPD in MT and
WTPD in Wyoming. This finding led to the speculation that plague-positive mouse fleas might have
fed on bacteremic prairie dogs, although no prairie dog deoxyribonucleic acid (DNA) was detected
during blood meal analysis of plague-positive mouse fleas. Therefore, mice may be involved in Y.
pestis maintenance, introduction, and/or propagation on prairie dog colonies (Bron et al. 2019).

The project team used PCR to compare the prevalence of Y. pestis, F. tularensis, Ricketsia spp.,
and Bartonella spp. in rodent and flea species (Table 1). The project team will use these results
to test how co-infection may affect plague prevalence in these communities.

Table 1. Pathogens Detected Using PCR in Flea Pools Collected from Live Prairie Dogs

Pathogen % positive (number of positives) Number tested
Y. pestis 1.2% (58) 5024
Bartonella spp. 12.7% (103) 813
Rickettsia spp. 1.7% (12) 690




The project team quantified the relation between climate and flea populations by relating on-host
flea relative abundance and intensity to local climate, burrow conditions, and rodent abundance
across a latitudinal gradient. Multiple weather and climate-related variables were associated with
on-host flea abundance and presence/absence on prairie dogs ( Russell et al. 2018; Table 2). Many
factors were associated with flea abundance on prairie dogs, indicating the complexity of host-
vector-disease dynamics in this system. Our results indicate that local weather factors influenced
flea abundance, potentially by providing environmental conditions suitable for flea reproduction.
As expected, however, environmental factors had different effects at different locations due to the
wide range of environmental conditions and geographic locations of the study pairs. Differences
in the direction of the relation of environmental covariates with flea abundance for different prairie
dog species is likely the result of differences in local conditions and differences in the biology of
the prairie dog and flea species in question. Abundance of fleas is likely more important for
epizootic plague, versus the presence or absence of fleas on hosts at a location.

Table 2. General Relations for Non-zero Parameter Estimates Between Climate
Variables and On-host Total Flea Populations and Oropsylla Hirsute Populations

Relations were analyzed in a Bayesian framework using LASSO.

Climate Variables Total Fleas | O. hirsuta
\Winter precipitation negative no relation
Summer precipitation (prior year) no relation negative
Normalized difference vegetation index negative no relation
Days > 85°F positive positive

The project team also quantified off-host fleas by swabbing 6,466 prairie dog burrows over three-
day sampling periods at each site during the summers of 2016 and 2017. From these, the project
team collected 2,024 fleas from 629 burrows (Poje 2019). Patterns of flea abundance (total number
of fleas collected) varied by region and sampling session. Flea abundance decreased from early
sampling periods in the spring/early summer to late sampling sessions in late summer/early fall at
southern sites, while flea abundance increased from early to late sampling at northern sites. For
questing burrow fleas, the models showed that fleas were more abundant in the late session than
the early session and more abundant in 2017 than in 2016. Mean flea abundance/prairie dog
burrow/sampling period increased with an increase in monthly mean high temperature. The effect
of precipitation on mean flea abundance changed between the early and late session, with flea
abundance declining by 76% (early) or no significant change (2017) for every one centimeter (cm)
increase in winter precipitation (Figure 4).
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Figure 4. Mean Flea Abundance in Burrows during Early and Late Sampling Sessions

(A) Mean flea abundance per prairie dog burrow increased with monthly mean high temperature
at different rates in 2016 and 2017 for sites shown in Figure 2. In 2016, mean flea abundance
increased by a rate of 1.58 for every 1°C increase in temperature, while in 2017 abundance
increased by a rate of 2.09. During both years, mean flea abundance was 1.63 times higher in the
late session than in the early session. (B) The relation between mean flea abundance and winter
precipitation changed between the early and the late sampling sessions. In the early session,
mean flea abundance declined at a rate of 0.43 for every additional cm increase in precipitation.
In the late session, there was no significant effect of winter precipitation on abundance. During
both sessions, mean flea abundance was 6.23 times higher in 2017 than 2016.

O. hirsuta was the most abundant species of flea in the prairie dog burrows that were sampled,
followed by P. simulans. There were different patterns of relative abundance among flea species:
O. tuberculata relative abundance was higher in the early summer than the late summer; P.
simulans was more abundant in the late summer than the early summer; and O. hirsuta relative
abundance declined from the early to late summer in the southern plains and increased in the
northern plains. Different flea species have different capacities as vectors, and therefore changes
in flea abundance could affect plague dynamics. Because O. tuberculata is a more effective
vector than O. hirsuta, epizootics may be more likely in early spring, when it is the most
abundant. However, the larger overall abundance of O. hirsuta may make the difference in vector
capacity irrelevant, as the larger number of flea bites could make up for the lower transmission
rate. It is currently unclear what specific factors are driving these seasonal and geographic
changes in flea abundance, and future work could focus on determining how environmental
conditions contribute to these patterns in flea species abundance, especially regarding future
climate changes.



Using modeling, the project team characterized burrow microclimates by determining the relation
between burrow temperature and humidity and current and past local climate variables. Our linear
mixed model showed that both monthly mean high temperature and sampling session were
significant predictors of daily mean burrow temperature. Daily mean burrow temperature
increased with increasing monthly mean high temperature (Figure 5). Daily mean burrow
temperature during the late sampling session was higher than during the early sampling session.
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Figure 5. Relationship of Burrow Flea Abundance with Monthly Mean High
Temperature and Winter Precipitation

Daily mean burrow temperatures are correlated with monthly mean high temperatures. Each 1°C
increase in monthly mean high temperature increases daily mean burrow temperature by 0.81°C. Burrow
temperatures were 4°C higher during late sampling sessions than during early sampling sessions.

The western Great Plains are projected to get hotter and drier through the next century, with
temperatures projected to warm by 1.9-3.6°C by 2085 (Kunkel et al. 2013a, 2013b). As the climate
warms, the results indicate prairie dog burrow temperatures will increase as well. Based on the
models, flea abundance will increase between 450% and 540% under this projected level of
warming, and the prevalence of infested burrows will increase by between 285% and 540%.
Because fleabites are the primary method of plague transmission, a large increase in the number
of fleas found on a colony coupled with a greater number of infested burrows could have
substantial effects on plague dynamics.

Poje (2019) used data from controlled laboratory studies of O. montana (Metzger 2000) to
determine the effect of temperature and humidity on flea development, including survival
and reproduction. According to the model, flea development rates increased significantly
(p <0.0001) with temperature (Figure 6; Poje 2019) and slightly with higher humidity. Because
fleas are ectothermic, changes in their environment can substantially affect their development.



The results suggest that in both the northern and southern plains, prairie dog flea development
rates are likely to increase with predicted warming temperatures. Together, faster development
rates over longer growing seasons coupled with higher recruitment rates could increase flea
abundance dramatically. However, further research is necessary to determine how O. hirsuta and
O. tuberculata respond to warmer and longer periods of favorable temperatures. Flea bites are
responsible for >70% of plague transmission during epizootic plague (Richgels et al. 2016). If
fleas are present for longer periods of time at higher abundance, future plague outbreaks could
potentially last longer and be more severe.
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Figure 6. Schematic of Flea Transmission

Flea development rate increases by 0.00247 day™” (t = 14.5, df = 12, p < 0.0001, 95% confidence interval
(CI) 0.0022 — 0.0028) for every 1°C increase in temperature. At the same temperature, flea development
is 0.004 day” faster at 75% RH than 65% RH and 0.004 day™ faster at 85% RH than 75% RH.

Changing climate conditions will likely affect aspects of both flea and host communities, including
population densities and species composition, and lead to changes in plague dynamics. Our results
support the hypothesis that local conditions, including host, vector, and environmental factors,
influence the likelihood of plague outbreaks, and that predicting changes to plague dynamics under
climate change scenarios will require consideration of both host and vector responses to local
factors. The project team will continue to develop models to predict the effects of climate change
on plague dynamics, including the frequency and intensity of outbreaks and the potential use of
vaccination to reduce outbreaks.

5.0 IMPLICATIONS FOR FUTURE RESEARCH AND BENEFITS

Although the findings strongly indicate local environmental conditions at the rodent burrow level
influence plague outbreaks, more work is needed to determine specific factors that drive seasonal
and geographic changes in flea abundance, especially regarding future climate changes.
Knowledge derived from the models about the future potential spread of plague and incidence of
outbreaks could help managers and others target and prioritize control and prevention activities,
but additional work is needed to improve targeted interventions against plague in wildlife.



Although dusting burrows with insecticides is still used extensively to control outbreaks once they
have begun, fleas are developing resistance against commonly used products (Eads et al. 2018).
Recent work by the USGS National Wildlife Health Center indicates oral vaccination campaigns
using vaccine-laden baits targeted at specific rodent species may be useful in preventing outbreaks
(Rocke et al. 2017; Tripp et al. 2017), but additional work is needed to optimize and improve
vaccines, baiting strategies, and delivery methods.
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