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Abstract: Sylvatic plague, caused by the bacterium Yersinia pestis, is periodically responsible for large die-offs
in rodent populations that can spillover and cause human mortalities. In the western US, prairie dog popu-
lations experience nearly 100% mortality during plague outbreaks, suggesting that multiple transmission
pathways combine to amplify plague dynamics. Several alternate pathways in addition to flea vectors have been
proposed, such as transmission via direct contact with bodily fluids or inhalation of infectious droplets,
consumption of carcasses, and environmental sources of plague bacteria, such as contaminated soil. However,
evidence supporting the ability of these proposed alternate pathways to trigger large-scale epizootics remains
elusive. Here we present a short review of potential plague transmission pathways and use an ordinary
differential equation model to assess the contribution of each pathway to resulting plague dynamics in black-
tailed prairie dogs (Cynomys ludovicianus) and their fleas (Oropsylla hirsuta). Using our model, we found little
evidence to suggest that soil contamination was capable of producing plague epizootics in prairie dogs.
However, in the absence of flea transmission, direct transmission, i.e., contact with bodily fluids or inhalation
of infectious droplets, could produce enzootic dynamics, and transmission via contact with or consumption of

carcasses could produce epizootics. This suggests that these pathways warrant further investigation.
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INTRODUCTION AND PURPOSE

Recently, the World Health Organization (WHO) catego-
rized plague as a re-emerging disease after human outbreaks
occurred in countries that had been plague-free for greater
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than 30 years (Stenseth et al. 2008; Vogler et al. 2011; WHO
http://www.who.int/csr/disease/en/, accessed 07/15/2015).
Plague typically circulates in rodents and their fleas (sylvatic
plague), with spillover to human populations associated with
outbreaks in animals (epizootics). Indeed, mathematical
models of plague dynamics in Kazakhstan have shown that
when partially resistant gerbils and their fleas exceed popu-
lation thresholds, plague epizootics resulting in human cases
are more likely to occur (Davis et al. 2004, 2007, Davis et al.
2008; Samia et al. 2011; Reijniers et al. 2012). The Kazakhstan
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Figure 1. Conceptual diagram showing the hypothesized (dashed lines) and confirmed (solid lines) plague transmission pathways in the western

US. Potential transmission pathways include carnivores (represented by the swift fox), small rodents (represented by grasshopper mice), prairie

dogs, fleas, carcasses, and soil (represented by the image of a prairie dog burrow).

plague dynamic, however, may not be universal. Yersinia
pestis has endemic foci on all continents but in Antarctica
and Australia, it infects greater than 200 species of rodents
and fleas (Serzhan and Ageyev 2000). Currently, consider-
able uncertainty exists in the drivers of plague epizootics in
other endemic foci.

In the western US, many transmission pathways for
sylvatic plague have been proposed (Fig. 1), yet the indi-
vidual contributions of non-flea-vectored pathways to
plague dynamics remain unclear. Y. pestis was introduced
to the US in the early 1900s in San Francisco and is now
considered endemic from Texas to southern Canada and
west of the 100th meridian (Fig. 2; Matchett et al. 2010;
Abbott and Rocke 2012; Antonation et al. 2014). In this
endemic foci plague epizootics are primarily associated
with ground squirrels and prairie dogs (family: Sciuridae)
and their fleas (mainly Oropsylla spp.). Prairie dogs often
suffer high mortality and colony extirpations (Cully and
Williams 2001). Because diseases rarely cause the extirpa-
tion of their hosts without the presence of reservoirs (de
Castro and Bolker 2005), many have suggested that a short-
term reservoir or alternate host is needed to amplify plague
dynamics (Gage and Kosoy 2005; Salkeld et al. 2010). With
a focus on examining dynamics for plague in grassland

ecosystems in the western US, our goals are to (1) review
the current knowledge of plague transmission pathways
(Fig. 1), (2) evaluate the contribution of each transmission
pathway in black-tailed prairie dog populations (Cynomys
ludovicianus) using a mathematical model, and (3) discuss
parameter uncertainties and model sensitivities that war-
rant further investigation.

PLAGUE TRANSMISSION PATHWAYS

Vector Transmission

For many years, the predominant paradigm in plague
transmission was focused on flea-vectored transmission
where “good” plague vectors develop midgut blockages
increasing both their transmission efficiency and biting rate
(Gage and Kosoy 2005). However, recent evidence suggests
that many fleas efficiently transmit plague before develop-
ing blockages, 1-5 days after ingestion of an infectious
blood meal (“early phase transmission”; Eisen et al. 2006).
The main fleas (Oropsylla spp.) thought to be important in
plague transmission in the US block infrequently and are
capable of transmitting the bacteria prior to blocking (Ei-
sen et al. 2009). Furthermore, the blocking process, which
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can take days to weeks, appears to be too slow and transient
to drive western US plague dynamics (Webb et al. 2006).
Thus, early phase transmission provides an alternate and
more rapid transmission pathway (Eisen et al. 2009).
Considerable uncertainty remains regarding vectorial
capacity and transmission efficiencies for fleas on native
hosts (studies to date have used standardized laboratory
models; Eisen et al. 2008b; Eisen et al. 2009). However, even
with low transmission rates for individual fleas, large flea
population sizes that feed frequently on individual rodents
magnify these rates, making efficient en masse transmission
plausible (Burroughs 1947; Tripp et al. 2009).

Indeed, many investigators have noted an increase in
flea abundance on prairie dogs, small rodents, and in
burrows during plague epizootics (Salkeld and Stapp 2008;
Stapp et al. 2009; Tripp et al. 2009; Friggens et al. 2010).
Two mechanisms may drive the increase in average flea
loads during epizootics: environmental conditions and host

100 200 KILOMETERS

from Ken Gage, CDC.

density favor exponential expansion of flea populations
(Parmenter et al. 1999; Savage et al. 2011), or as host
mortality increases, flea populations aggregate on fewer
hosts (Tripp et al. 2009). Additional flea life history studies
are needed to generate robust estimates of Oropsylla spp.
population parameters in relation to host and climatic
conditions to determine whether increasing flea loads are a
trigger or sign of sylvatic plague epizootics in the western
US. Either way, infected fleas most likely provide a short-
term reservoir that contributes to rapidly spreading plague
epizootics (Eisen and Gage 2009; Buhnerkempe et al. 2011).

Direct Transmission

Besides vector transmission, plague can also spread through
direct transmission via three potential mechanisms, the
inhalation of infectious droplets (usually blood/mucus)
from sick hosts that have developed pneumonic plague
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(infection in the lungs), direct contact with the bodily
fluids of a sick or dead host, or consumption of plague-
killed carcasses. Preliminary evidence suggests that direct
transmission may be currently underappreciated in sylvatic
plague cycles. For example, pneumonia is a common
histopathologic finding in prairie dogs that have died of
plague in laboratory studies (Rocke, unpublished data;
Andel
Histopathologic evidence of pneumonia was consistent

Bush and van personal communication).
across inoculation doses in Gunnison’s prairie dogs that
succumbed to plague (see methods in Busch et al. 2013,
unpublished histopathological results in Table S1). Bloody
noses or other pulmonary symptoms are common in pla-
gue-positive prairie dogs both in the field and under lab-
oratory conditions (Williams et al. 1979; Quan et al. 1985;
Rocke et al. unpublished), and isolation of Y. pestis from
lungs of affected animals is common (Busch et al. 2013;
Rocke et al. unpublished). Because prairie dogs are con-
sidered highly social and often perform ‘“kiss” greetings
(Hoogland 1995), direct contact transmission in prairie
dogs may be underappreciated and currently understudied.

Similarly understudied, but potentially important, is
direct contact with or consumption of plague-killed car-
casses leading to increased infections in prairie dogs. Prairie
dog carcasses are rarely encountered (Hoogland 1995), be-
cause carcasses are either below ground or actively scavenged
by prairie dogs, other small rodents, and carnivores (Boone
etal. 2009). Scavenging provides an opportunity for infected
fleas to transfer to a live host and for direct transmission of
the bacteria through the ingestion of infected tissues (Tho-
mas et al. 1989; Arbaji et al. 2005) potentially leading to
spillover of plague to other species. If Y. pestis survives and is
infectious for any length of time within carcasses (early work
suggests viable Y. pestis can be cultured from carcasses for at
least 11 days; Ber et al. 2003), this direct transmission route
may provide a potential short-term reservoir for Y. pestis
during and between epizootics (Easterday et al. 2012). Prairie
dogs are sometimes cannibalistic, highly social, and nest
communally (Hoogland 1995) suggesting direct transmis-
sion pathways are certainly plausible.

Alternate Hosts

Very little evidence exists to support the notion that a sepa-
rate enzootic cycle of plague occurs in coexisting but more
resistant rodent or carnivore hosts in the western US foci
(Salkeld and Stapp 2008; Stapp et al. 2008; Thiagarajan et al.
2008). Carnivores and small rodents, including deer mice

(Peromyscus spp.) and northern grasshopper mice (Ony-
chomys leucogaster), are rarely found infested with prairie dog
fleas during inter-epizootic periods (Holmes et al. 2006;
Salkeld and Stapp 2006; Salkeld and Stapp 2008; Stapp et al.
2008; Thiagarajan et al. 2008; Brinkerhoff et al. 2009; Stapp
and Salkeld 2009). In addition, certain small rodent species
(Dipomys spp.) and most carnivores are highly resistant to
plague (Holdenried and Quan 1956; Salkeld and Stapp 2006),
thus they most likely do not develop high enough bacteremia
to transmit Y. pestis (Engelthaler et al. 2000). However, in-
creased resistance to plague has been reported for grasshop-
per mice in enzootic plague areas compared to naive
populations (Thomas et al. 1988). Findings from other en-
demic plague foci also suggest that individual variability in
resistance within generally resistant rodent populations could
contribute to maintenance and spread of plague epizootics
(Zhang et al. 2012; Gascuel et al. 2013); this possibility needs
additional study for co-occurring rodent species on prairie
dog colonies. Still, though few short-lived rodent sampling
studies during inter-epizootic periods are available (but see
Holmes et al. 2006; Stapp and Salkeld 2009; Thiagarajan et al.
2008), more compelling evidence would have been expected if
these rodents were the primary maintenance hosts of Y. pestis.

There is evidence, however, that small rodents may play a
role in moving Y. pestis across prairie dog colonies during
epizootics (Stapp et al. 2008; Stapp et al. 2009; Stapp and
Salkeld 2009; Thiagarajan et al. 2008). For example, northern
grasshopper mice have been observed to increase in abundance
before and during epizootics in some locations. These mice can
carry prairie dog fleas, have larger home ranges than prairie
dogs, and enter multiple burrow systems per night, giving
them the potential to facilitate movement of Y. pestis on a large
spatial scale during plague outbreaks (Brinkerhoff et al. 2008;
Salkeld et al. 2010; Kraft and Stapp 2013). However, northern
grasshopper mice do not occur on all prairie dog colonies, and
little is known about the movement of other small mammals in
relation to plague dynamics. The evidence from northern
grasshopper mice lends credence to the hypothesis that in-
creased flea questing (due to host die-off) and movement of
infected fleas by alternate hosts during outbreaks could
potentially exacerbate ongoing plague epizootics.

Environmental Reservoirs

Another potential transmission pathway of plague is Y. pestis
maintained in soil or other substrates. Y. pestis is closely related
to Y. pseudotuberculosis, an enteropathogenic bacterium that
can be maintained in contaminated soil (Skurnik et al. 2000;
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Table 1.

gue Dynamics in Prairie Dogs.

Description of Model Variables Used to Simulate Pla-

Variable Description

Susceptible host
E Exposed host
I Infectious host
R Resistant host
M Infectious carcass reservoir
D Infectious soil reservoir
N Total host population
Fsq Susceptible, questing fleas
Fsu Susceptible, on-host fleas
Frq EP1, infectious questing fleas
Fen EP1, infectious on-host fleas
Fiq EP2, infectious questing fleas
Fiu EP2, infectious on-host fleas
Fo Breeding, on-host fleas (Fsy + Fry + Frp)

The infectious soil reservoir was added to the model from Buhnerkempe
et al. (2011).

Bearden and Brubaker 2010) and has retained some genetic
material that is not necessary for persistence in flea or mammal
hosts, suggesting that carcass, invertebrate or soil existence may
be possible (Easterday et al. 2012). Viable and infectious Y. pestis
have been extracted from soil both in the laboratory and the
field at least 3 weeks after contamination with septicemic blood
(Ayyadurai et al. 2008; Eisen et al. 2008a). However, only ~ 1%
of mice contracted plague through scarified skin exposure to
highly contaminated soil in the laboratory (Boegler et al. 2012).
Additional work is needed to clarify whether insects, other
parasites, prairie dogs or their immature fleas, which consume
debris as larvae, could become infected from contaminated soil,
thus maintaining and spreading plague.

SIMULATING PLAGUE DYNAMICS

Simulation Methods

To evaluate the contribution of the proposed transmission
pathways, we modified the sylvatic plague ordinary differential
equation (ODE) model described in Buhnerkempe et al.
(2011; Tables 1, 2, Figure S1). This Susceptible-Exposed-In-
fectious-Resistant (SEIR) model includes two types of early
phase flea transmission (EP1 and EP2) as well as transmission
from infectious carcasses (M). Infected fleas are initially highly
infectious (EP1) but transition to a less infectious state (EP2)
unless they have additional infectious feeds (“booster feed

cycle”; Buhnerkempe et al. 2011; Eisen et al. 2007). Weadded a
compartment (D) and transmission parameters (f; 4,) for
contaminated soil, as well as parameters for transmission from
infected individuals (f3;, ¥). To incorporate increased con-
nectance of prairie dog towns via small rodents, we adjusted
the spatial correction factor (i.e., the number of burrows used
per day by prairie dogs, B) by the number of active prairie dog
burrows used per day by grasshopper mice (B,, Kraft and
Stapp 2013). Because adult fleas typically have reduced sur-
vival when starved (Rust and Dryden 1997; Krasnov et al.
2002; Wilder et al. 2008), we added a separate parameter for
questing flea mortality (u,). Lastly, we removed continuous
host population growth because prairie dogs breed only once a
year, and we were interested in the dynamics of a single epi-
zootic within one above-ground season (April to October,
210 days). Because the parameter values and populations are
constant, model dynamics will display an exponential decay
over time, i.e., the classical epidemiological pattern with no
opportunity for the disease to re-emerge. Parameter values
were the same as those reported in Buhnerkempe et al. (2011)
for black-tailed prairie dogs and O. hirsuta or extracted from
the reviewed literature (Table 2). The resulting model is de-
scribed with the following equations (Tables 1, 2; Fig. S1):

Hosts

dS/dt = @R — S(,u + ﬁeFEQ(l — e‘:_ng) + ﬁlFLQ(l — e‘:_xBNr)

M I D
—B,JrﬁiB B,+ﬁdB—Br>

g

dE/dt = S(ﬁeFEQ (1 - e7> + BiFig (1 _ e—)

M i D
‘ - E
+ﬂmBBr+ﬁ,BBr+ﬁdBBr) (0 +m)

dl/dt = o(1 — p)E — al
dR/dt = opE — (¢ + w)R
dM/dt = ol — 1,,M

dD/dt = AoM — 24D

Fleas

o 1
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Table 2.

Parameters Used to Simulate Plague Dynamics in Prairie Dogs.

Parameter Value

Definition

Source

Host life history

K
u
B
B

r

200 Carrying capacity

0.0002 Natural mortality rate

20 Number of burrows hosts use/day

4.25 Number of active burrows entered/day by

Host infection

small rodents

B 0.073  Transmission rate: infectious carcasses
Ar 0.091 Infectious carcass decay rate
b 0.073  Transmission rate: direct contact
1] 0.8 Proportion of infections that are pneumonic
Pa 0.00096 Transmission rate: soil reservoir
Ad 0.0035 Decay rate of infectious material in soil
o 0.22 (Exposed period)’
0.5 Disease induced mortality rate
0.01 Proportion of exposed hosts that become
resistance
0] 0.011 Rate resistance is lost
Flea life history
rf 1.5 Conversion efficiency
i 0.01 Natural mortality rate
Jirs 0.07 Mortality rate of off-host fleas
0 0.059  Rate of leaving hosts
a 0.02 Questing efficiency
Infection-fleas
Y 0.84 Transmission rate: hosts to vector
Pe 0.044  Transmission rate: EP1
b 0.01 Transmission rate: EP2
0, 1 Rate of transition from EP1 to EP2 while feeding
0, 1 Rate of transition from EP2 to susceptible
while feeding
€ 0.125  Rate of EP1 transitioning to EP2 while not feeding
¢ 0.033  Rate of EP2 transitioning to susceptible

while not feeding

Hoogland (1995)

Hoogland (1995), Evans and Holdenried (1943)
Webb et al. (2006), Hoogland (1995), Linsdale (1946)
Kraft and Stapp (2013)

Gani and Leach (2004), Webb et al. (2006)

Ber et al. (2003)

Gani and Leach (2004), Webb et al. (2006)
Table S1

Boegler et al. (2012)

Ayyadurai et al. (2008)

Cully and Williams (2001), Quan et al. (1985)
Lorange et al. (2005), Cully and Williams (2001)
Cully and Williams (2001)

Quan et al. (1985)

Webb et al. (2006)

Eskey et al. (1940)

Wilder et al. (2008), Krasnov et al. (2002)
Hartwell et al. (1958)

Webb et al. (2006), Hartwell et al. (1958)

Eisen et al. (2006), Wilder et al. (2008), Wilder et al. (2008)
Eisen et al. (2006), Wilder et al. (2008), Wilder et al. (2008)
Eisen et al. (2007), Wilder et al. (2008), Wilder et al. (2008)
Eisen et al. (2007), Wilder et al. (2008), Wilder et al. (2008)
Eisen et al. (2007), Wilder et al. (2008), Wilder et al. (2008)

Eisen et al. (2007)
Engelthaler et al. (2000)

Most parameters were also used in Buhnerkempe et al. (2011) and Webb et al. (2006).

dFSQ/dt

dFEH/dt =

= 0Fsy + 1F N
= 0LsH rfol—i—N—i—FO

dFEQ/dl’ = FEH(5 + OC) — FEQ |:,U,fq + <1 —

—aN
erBrﬂ — &Fpg

_F [ +<1—e5+3;)}+F o S+E+R
sQ|Ha *Fiq dFyp/dt :FLQ(I —em) + 0,Fppy <7+N+ )
—aN. 1 S+E+R
e AR A0 2
S+E+R
—FEH|:,Ufh+5+O(+06(T):|
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Table 3. Impact of Each Transmission Pathway (in Isolation) on Plague Dynamics.
Transmission Parameters Prairie dogs Fleas %
pathway Contribution
Prob. of  Survival Persistence  Infected fleas  Flea Flea
extinction persistence  intensity
No transmission None 0.00 187.94 (0.05) 210 (0.00)  10.07 (0.74) 11.88 (0.68) 31.49 (0.37) —
Direct transmission
Carcass B, 0.99 1.13 (14.53) 54.16 (12.19) 998.98 (95.71) 76.51 (5.18) 23.78 (1.04) 10.96 (0.90)
Direct B; 0.00 133.17 (5.06) 210 (0.00)  83.88 (13.18) 102.00 (6.13) 27.87 (0.48) 16.92 (0.97)
Soil Ba 0.00 187.94 (0.05) 210 (0.00)  10.03 (0.71) 11.88 (0.67) 31.52 (0.34) 0.01 (0.00)
Flea transmission
EPI&EPI B, B 1.00 0.00 (0.00) 34.36 (0.68) 1043.00 (53.38) 57.58 (0.73) 20.09 (0.82) 72.11 (1.93)

All transmission
Without rodent f,, f;, fa P Bi 1.00
connectance
All transmission f3,, f;, 4 e P B, 1.00

0.00 (0.00) 33.27 (0.67)

0.00 (0.00) 32.53 (0.66)

1013.04 (50.20) 56.37 (0.68) 19.74 (0.86) —

1085.03 (57.89) 56.27 (0.73) 23.17 (1.09) —

Transmission parameters indicated were set to their value in Table 2, while all other § were set to zero. Probability of prairie dog extirpation is the proportion

of model simulations (n = 500) where the prairie dog population went extinct. The remaining metrics are averages of the number of prairie dog populations

at the end of the 210 day simulations (survival), the average number of days the prairie dog population was greater than 1 (persistence), the average

maximum number of infected questing fleas during each simulation (infected fleas), the number of days the infected questing fleas were greater than 1 (flea

persistence), and the average flea intensity when number of hosts was greater than zero (flea intensity). The last column (% contribution) gives the

proportion of infections contributed by each pathway in the all transmission pathways model. Values are given as averages with standard deviation in

parentheses.

where flea infections from hosts were modeled as frequency
dependent, while all other transmission pathways were mod-
eled as density dependent, including infections from infected
questing fleas to new hosts (a detailed and thorough descrip-
tion of the underlying model is included in Webb et al. (2006)).

We simulated 7 variations of the above model: the full
model (all transmission pathways), rodent connectance,
flea transmission, direct transmission (includes both direct
contact and pneumonic transmission from live hosts),
carcass transmission (includes both direct contact with and
consumption of dead hosts), soil transmission (i.e., contact
with contaminated soil), and no transmission (Table 3).
We isolated transmission parameters for the above varia-
tions by setting the non-target transmission parameters to
zero (except for increased connectance due to alternate
rodent hosts, where we set the corresponding parameter,
B,, to zero and compared to the full model). Stochasticity
was incorporated into the parameter estimates by drawing
random parameter values from a normal distribution with
the standard deviation equal to 10% of the mean (value in
Table 2). While our results are somewhat dependent on
this assumption, we included stochasticity in the parame-
ters to help identify potential thresholds where simulations
consistently bifurcated between epizootics or disease die-

out using realistic and potentially conservative estimates of
variability in parameter estimates. We simulated dynamics
for one above-ground season (210 days) 500 times, with
initial host populations at carrying capacity (K = 200),
initial flea populations equal to 8.4 fleas per host with 80%
on host and 20% questing (Tripp et al. 2009), and 2% of
hosts exposed to plague. We set a few external controls on
model simulations; the spatial correction factor (B) for
prairie dogs had to be greater than that for alternate rodent
hosts (B,), prairie dog or flea populations were set to zero if
below 0.5, randomly drawn parameters that represented
rates or proportions were constrained between 0 and 1, and
on-host fleas became questing fleas when hosts went extinct
(see Supplementary Material—R code sec 1.2).

We characterized the simulated plague dynamics by
calculating six host and flea population metrics: the pro-
portion of model simulations where prairie dogs went ex-
tinct (probability of extinction), the average number of
prairie dogs remaining (survival), the average number of
days prairie dogs persisted (host persistence), the average
maximum number of infected questing fleas (infected
fleas), the average number of days infected questing fleas
persisted (flea persistence), and the average number of on-
host fleas per prairie dog when prairie dog populations
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were on-greater than zero (flea intensity). The contribution of
each pathway to total infections was assessed by calculating
the average proportion of prairie dog infections contributed
by each pathway in the full model. We then measured the
one-at-a-time sensitivity of the full model to each parameter
by calculating the resulting percentage change in flea and host
metrics with each parameter £25, 50, or 75%, maintaining
stochasticity in parameter values and simulating each adjusted
parameter 500 times. Using the same one-at-a-time approach,
we also explored the sensitivity of each transmission pathway
to its respective transmission parameters (5, 4). We consid-
ered the model to be ‘sensitive’ to a particular parameter if a
1% change in the parameter value had an average change in
any of our model metrics greater than or equal to 0.5%. Our
approach to sensitivity analyses assumes fairly consistent
variability between parameters (at least in regards to orders of
magnitude).

Because three parameters, p, 4,,, and ¢ had rates sup-
ported in the literature that differed by more than one order
of magnitude (e.g., they are potentially highly variable), we
explored the effects of altering these parameters with a direct
search over the potential parameter ranges. For p, which
represents the proportion of hosts becoming resistant after
exposure to Y. pestis, laboratory and field observations sug-
gest natural resistance ranges from 0.01 to 0.6 in prairie dog
populations (Cully and Williams 2001; Rocke et al. 2012;
Busch et al. 2013). Similarly, the length of time infectious
carcasses are available on the landscape, 4,, (carcass decay
rate), may be as long as 2 months in burrows (4,, = 0.017,
Godbey 2006) or as short as 2.5 days on the surface
(A4 = 0.4, Boone et al. 2009). The exposed period, i.e., the
incubation period, also varies by individual, with reported
exposed periods for prairie dogs in laboratory trials as short
as 2 days and as long as 16 days (Rocke et al. 2012, 2015).
We used the full model for evaluating the effects of resistance
and the exposed period, p and o, but used the carcass
transmission variation to evaluate the effects of carcass decay
rate, A,,, on plague dynamics (Table S2). All simulations
were conducted using R 3.1.0 and the documented code can
be found in the Supplementary Material.

Simulation Results

In the full model, large epizootics lasted for 33 days
(4.7 weeks) and caused prairie dog extirpation (probability of
population extinction = 1). This is consistent with field
observations of plague outbreaks where black-tailed prairie
dog populations were observed to decline more than 95%

between 5 weeks and 4 months after the beginning of a plague
epizootic (Cully et al. 2000; Pauli et al. 2006; Webb et al. 2006).
In the full model, infectious questing fleas peaked at 19 days
and persisted for 56 days (3 weeks after prairie dog popula-
tions go extinct, Table 3). This is also consistent with field
patterns where infected fleas persisted for 1 to 4 months in
burrows after the decline of prairie dog populations due to
plague epizootics (St. Romain et al. 2013).

Three transmission pathways contributed to plague
infections in the full model simulations; dynamics were not
only dominated by the flea transmission pathway (72.11% =+
1.93 SD of total number of infections) but also included
contributions from direct transmission (16.92% =+ 0.97 SD)
and carcass transmission (10.96% = 0.90 SD). The carcass
transmission, flea transmission, and full model led to large
epizootics, extinction of prairie dogs, and large infectious
flea reservoirs. In contrast, the no transmission and soil
transmission variations led to the rapid termination of pla-
gue, large prairie dog populations, and small infectious
questing flea reservoirs. The direct transmission variation
had intermediate results, with extended durations of infec-
tions, reduced prairie dog populations that survived the
epizootic, and moderate infectious flea reservoirs. Reducing
the connectance of prairie dog colonies, by removing alter-
nate rodent hosts from the model, had only a marginal
impact on prairie dog and flea metrics (Table 3; Fig. 3). Flea
intensities averaged 23.17 £ 1.09 SD fleas per host in the full
model, which is within the range observed by Tripp et al.
(2009) and estimated by Wilder et al. (2008) for epizootics
(Table 3).

The plague model was, in general, robust to variation in
parameter values. The full model was sensitive to the length
of the host exposed period (1/c), which increased survival
and reduced the probability of extinction, such that a 1%
reduction in ¢ (longer exposed period) led to an average of
3.25% increase in host persistence, a 0.56% increase in host
survival, and a 0.53% reduction in the probability of
extinction. Flea intensity in the full model was sensitive to
changes in the spatial correction factor (B), the transmission
rate of hosts to vectors (), the disease induced host mortality
rate (a), the flea growth rate (ry), and the questing efficiency
(a) (Fig. S2). When isolating transmission parameters in
model variations, changes in direct and carcass transmission
parameters were the most sensitive. In general, increasing
direct transmission parameters (f3; f3,,, V) decreased the
survival and persistence of hosts, while reducing the length of
time carcasses were available (),,,) increased the survival and
persistence of hosts (Fig. S2).
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stochasticity was modeled by sampling from a random distribution with standard deviation equal to 10% of each parameter value and does not

represent the underlying uncertainty in parameter estimates. Each transmission pathway was simulated 500 times.

The direct search over parameter values identified
parameter thresholds where model dynamics bifurcated
between epizootics and disease die-out. For values of p
(proportion of hosts that gain resistance) above 0.05 (1 or
more in 20 animals survives), the probability of extinction
dropped to zero, hosts persisted, and survival of prairie

dogs increased (Table S2, Fig. 4). Similarly, increasing the
decay rate of carcasses (A,,) reduced the impact of carcass
transmission, with hosts persisting at values greater than
0.2 (carcasses infectious for 5 or fewer days; Table S2,
Fig. 4). The direct search over the length of the exposed
period, o, highlighted similar threshold behavior around
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Figure 4. Results of the direct search over the proportion of hosts
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period (o) illustrating the change in the average number of prairie dogs
surviving for the various parameter values in the full model (p, o) and
the average size of the carcass reservoir for the various carcass decay
rates (4,,) in the carcass transmission variation of plague dynamics in
the western US. The starred value represents the parameter value used
in the full model simulation. Model metrics from the direct search of

parameter values are summarized in Table S2.

8 days, with longer incubation periods leading to disease
die-out and shorter incubation periods generating epi-
zootics (Table S2, Fig. 4).

DiscussioN

In our model simulations, transmission pathways that in-
cluded short-term reservoirs, i.e., carcass or early phase flea
transmission, resulted in extirpation of prairie dog popu-
lations both alone and in tandem with other pathways. This
is similar to the results of Buhnerkempe et al. (2011) and
agrees with the reviews of Gage and Kosoy (2005) and Eisen

and Gage (2009). However, the ability of carcasses to drive
an epizootic, combined with the 28% contribution of direct
pathways to infection in the full model, suggests that the
role of both of these pathways needs further investigation.
For example, the current practice of dusting burrows with
insecticides to prevent additional mortality from flea-borne
transmission or spillover from sylvatic plague epizootics
(Hoogland et al. 2004) may not be sufficient if large
numbers of infected prairie dogs and carcasses are also
present. We provide some preliminary and opportunistic
evidence that secondary plague pneumonia may be com-
mon in prairie dogs and that plague-killed carcasses are
potentially infectious for long periods (Godbey 2006; Busch
et al. 2013, Table S1). However, a more systematic and
thorough experimental approach is needed to develop ro-
bust estimates for the development and infectiousness of
secondary pneumonia in rodent hosts and carcass avail-
ability and infectivity over time.

Inclusion of a soil transmission pathway for plague and
increased connectance by small rodents did not affect the
dynamics of plague in our model. This is not surprising,
given the small rate of becoming infected via contaminated
soil and the small impact the spatial correction factor (B)
had on overall plague dynamics. However, prairie dogs
have strong spatial structure within and among colonies
(i.e., classic metapopulation dynamics) with discernable
impacts on plague dynamics (Johnson et al. 2011; Collinge
et al. 2005). For example, plague outbreaks are more likely
in large, well-connected colonies (Stapp et al. 2004; Col-
linge et al. 2005; Johnson et al. 2011; George et al. 2013),
leading to a reciprocal effect of increasing turnover and
movement (extinction and colonization) of prairie dog
colonies across the landscape (Augustine et al. 2008; George
et al. 2013). Prairie dogs also have a strong spatial structure
within colonies, created by the grouping of burrow systems
and territoriality of coteries (family groups) that violate
traditional “‘even mixing” assumptions in disease models.
Yet, most plague models (this one included) have ignored
explicit spatial dynamics within colonies (but see Salkeld
et al. 2010 and Shoemaker et al. 2014 for lattice models),
and we expect that incorporation of explicit space using
realistic contact networks (Keeling 1999; Craft et al. 2011)
may alter the contributions of alternate transmission
pathways to plague dynamics.

The full model was sensitive to parameters that
determined infection in hosts, such as the length of the
exposed period (i.e., incubation period) and proportion of
hosts gaining resistance after exposure to Y. pestis. The
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incubation period has high variation among individuals
(Rocke et al. 2012, 2015), and given this parameter’s
importance in model outcomes (i.e., plague epizootic vs
disease die-out), may be a contributing factor to the
regionally patchy distribution of plague epizootics. Simi-
larly, the probability of gaining resistance, determined by
laboratory studies, shows considerable variation (0.01-0.6)
related to the history of plague exposure, host age, and host
species (Busch et al. 2013; Rocke et al. 2012, 2015). As
expected, increasing host resistance allowed for survival
and persistence of prairie dogs. These results have impli-
cations for current efforts to develop an effective sylvatic
plague vaccine strategy (Rocke et al. 2012, 2015), illus-
trating that even low vaccination rates may improve host
survival and reduce plague dynamics.

CONCLUSION

Overall, we have confirmed that short-term reservoirs are
necessary in order for large plague epizootics to develop in
sylvatic plague foci in western US grasslands. However, we
have also shown that either carcasses or infectious questing
fleas can serve as this reservoir independently. We have
highlighted several priorities for future research that would
provide increased confidence in model parameters and
better estimates of the impact of various transmission
pathways on plague dynamics in prairie dogs and their
fleas. These priorities include determining life history
parameters for infected and uninfected fleas, transmission
rates for direct contact, inhalation exposure, carcass con-
sumption, and the incubation and infectious periods in
prairie dogs. Increasing our confidence in these parameter
estimates will lead to a stronger quantitative framework for
predicting sylvatic plague epizootics and potential spillover
risk to humans and other sensitive species in the western
US.
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