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Abstract: We developed a mechanistic model to simulate dynamics of chronic wasting disease (CWD) in mule deer
(Odocoileus hemionus) populations. The model projected age-specific disease dynamics, changes in population size,
and effects of control strategies. We estimated parameters from observations of infected and uninfected mule deer
in Colorado. We used Monte Carlo techniques to evaluate likely responses. Simulations of CWD epidemics were
highly unstable. Disease was not sustained in projected populations when transmission rates were low, but CWD
eliminated populations when more realistic transmission rates were used. We failed to produce stable coexistence
of CWD in simulated mule deer populations. Even low CWD prevalence reduced potential harvest via combined
effects of diminished per-capita production and decreased population density. Changes in CWD prevalence with-
in populations were highly sensitive to transmission rate, and small decreases resulted in noticeable damping of
prevalence increases. Simulated selective culling programs revealed the importance of initiating control while
CWD prevalence was low (<0.01). Low selective culling rates (<20% of infected populations) effectively eliminat-
ed CWD if initiated when prevalence was low, but the likelihood of control diminished rapidly as prevalence
increased. Management programs will likely require an effort sustained over many decades if eliminating CWD is

the desired goal.
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Infectious disease can play an important role in
the ecology or management of a wildlife species.
Historically, introduced diseases like rinderpest
in African ungulates (Scott 1981) and pasteurel-
losis in bighorn sheep (Ouvis canadensis; Miller
2001) have had catastrophic effects on host pop-
ulation performance. Although more sparing of
infected populations, wildlife reservoirs of dis-
eases such as bovine tuberculosis or bovine bru-
cellosis pose potential threats to domestic live-
stock that compel economic and political pressure
for eradication (Morris and Pfeiffer 1995, Thorne
etal. 1997). Similarly, public health threats posed
by rabies have driven costly attempts to manage
this disease in wild carnivores throughout the
Northern Hemisphere (Baer 1991, Rupprecht et
al. 1995). Once introduced and established, most
infectious diseases are extremely difficult to elim-
inate from free-ranging populations. It follows
that a new or emerging wildlife disease should be
carefully evaluated early on to assess both its
potential importance and prospects for its effec-
tive management.
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Chronic wasting disease is a unique transmissi-
ble spongiform encephalopathy (TSE) that occurs
naturally in deer (Odocoileus spp.) and wapiti
(Cervus elaphus nelsoni) native to North America
(Williams and Young 1980, 1982, 1992; Spraker et
al. 1997, Miller et al. 2000). As in other TSEs of
domestic animals (scrapie, bovine spongiform
encephalopathy [BSE], transmissible mink
encephalopathy) and humans (kuru, classic
Creutzfeldt-Jacob disease [C]JD], variant CJD
[vCJD]), the agent causing CWD has not been
definitively identified. However, microscopic
accumulations of protease-resistant prion protein
(PrPT®s) in brain tissue are consistently associated
with clinical disease (Spraker etal. 1997, O’Rourke
etal. 1998). Chronic wasting disease is the only TSE
known to occur in free-ranging wildlife (Miller et al.
2000). At present, the sole epidemic focus of CWD
in wild cervids is in north-central Colorado and
southeastern Wyoming, United States, where up to
15% of mule deer and 1% of wapiti may be affected
in Jocalized management units (Miller et al. 2000).
Chronic wasting disease should be regarded as an
emerging problem: in addition to evidence of nat-
ural spread (Miller et al. 2000), recent detection of
CWD in game-farm wapiti (U.S. Animal Health Asso-
ciation 1998) could present avenues for its intro-
duction into wild cervid populations elsewhere.

205



206

The epidemiology of CWD (Miller et al. 1998,
2000) most closely resembles that of scrapie in
domestic sheep and goats (Hoinville 1996, Wool-
house et al. 1999). However, because CWD epi-

demics and studies thereof began relatively

recently, many aspects of CWD epidemiology and
its implications are uncertain. In particular, long-
term epidemic dynamics and effects of CWD on
deer and wapiti populations have not been deter-
mined. Moreover, a better understanding of
CWD epidemiology is needed to develop and
evaluate candidate strategies for prevention, con-
trol, and management. Quantitative models pre-
sent useful tools for assembling and synthesizing
knowledge about systems where data are few and
processes are incompletely understood, and they
form a necessary basis for developing adaptive
strategies that most effectively combine active
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Fig. 1. (A) Flow chart with scheduling for simulated process-
es in the population model and (B) the CWD submodel. In
(B), each box represents 1 disease period of approximately 6
months, and numbers are transition probabilities for disease
period 2 (winter). Boxes represent susceptible (S), latent
(Lat), infectious (Infx), and dead (D) individuals. Transition
probabilities for disease period 1 (summer) are the same as
winter, except the likelihood of infectious animals dying after 2
or 3 periods was 0.47 and 0.5, respectively, reflecting CWD-
related mortality patterns in captive and free-ranging deer
(Miller et al. 2000).
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management with research (Holling 1978, Walters
and Holling 1990, Starfield 1997). We describe an
individual-based epidemic model of CWD in
mule deer developed to help evaluate current
quantitative knowledge of relevant parameters
and identify potential control strategies. This
model will also serve as the basis for a fully spatial
model that will be applied to evaluate large-scale
control measures and design adaptive manage-
ment strategies for limiting distribution and
prevalence of CWD in free-ranging populations.

METHODS
Model Structure and Parameters

We developed an individual-based model for
simulating the dynamics of CWD in mule deer in
Colorado. Our model explicitly tracked the sex,
age, disease state, transition from latent to infec-
tious state, and death of each member of the pop-
ulation. The model included annual processes of
recruitment, harvest, natural mortality, popula-
tion census, and aging (Fig. 1A). In addition, we
included 2 discrete periods during the year in
which disease dynamics occurred. These periods
are times when disease-caused mortality, infec-
tion, or conversion of latent to infectious individ-
uals take place; they roughly corresponded to
summer—fall (May-Oct) and winter—spring
(Nov-Apr) periods. The model operated on a
yearly time step.

Rates for all processes were determined by com-
paring, for each individual, a random number
from a uniform distribution (0-1) to the rate of
the process. For example, if the probability of
death was 0.50 per year, an individual would die if
the random number was <0.50. This process
accounted for stochasticity inherent to binomial
outcomes of events with a small number of trials.

Reference model parameters for stage-specific
vital rates were derived from mule deer studies
conducted in northeastern Colorado and else-
where (Table 1). We did not incorporate density-
dependent changes in recruitment or survival
rates into the model because deer populations in
endemic areas are currently at relatively low den-
sities (Colorado Division of Wildlife, unpublished
data). Instead, we used harvest to regulate the
size of deer populations. We set population objec-
tives for each deer population that corresponded to
low, normal, or high population densities. Each
year a population “census” was conducted and
post-harvest population size recorded (Fig. 1A).
Harvest level in the following year was determined
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Table 1. Parameter estimates used in the individual-based epidemic model of chronic wasting disease dynamics.

Parameter Value Range References
Survival
Female: 1-10 yrs 0.85 White et al. 1987; Bartmann
11-16 yrs Linear decline from 0.85-0 et al. 1992; Freddy et al. 1993;
Male: 1-9 yrs 0.85 Unsworth et al. 1999; Colorado
10-12 yrs Linear decline from 0.85-0 Division of Wildlife (CDOW),

Recruitment rate 0.57

Fawn sex ratio 0.5
(probability female)

Disease:
Incubation period (variable)
Clinical course (infectious) (variable)

Infectious contacts/6-month 0.725
period

Probability of vertical 0.05
transmission

unpublished data

White et al. 1987; Bartmann et al.
1992; Freddy et al. 1993; Unsworth
et al. 1999; CDOW, unpublished
data

Freddy et al. 1993; CDOW,
unpublished data

Williams et al. 2001; Miller et
al. 2000; Williams and Miller,
unpublished data

12—-24 months
6—24 months

Fitted to data

Miller et al. 2000

by evaluating whether the population corre-
sponded to a low, normal, or high density and
adjusting the harvest level appropriately (Table
2). Harvest levels were initially adjusted to
maintain an uninfected population size of about
1,000 deer.

We based the model’s representation of CWD
in mule deer (Fig. 1B) on observations of cervids
infected with CWD in research facilities and in
the wild (Williams and Young 1980, 1982, 1992;
Spraker et al. 1997; Miller et al. 1998, 2000;
Williams et al. 2001; M. W. Miller, Colorado Divi-
sion of Wildlife, unpublished data). Susceptibili-
ty to CWD appears relatively uniform across sex
and age classes in mule deer (Williams and
Young 1992, Miller et al. 2000). Although the
route(s) of CWD transmission have not been elu-

Table 2. Simulated harvest levels for populations at low, normal,

cidated, some form of lateral transmission
appears most likely (Miller et al. 1998, 2000); the
CWD agent is presumed to be shed in some com-
bination of saliva, feces, urine, and/or placental
tissues and fluids (Miller et al. 2000). Maternal
(dam to fawn) transmission may occur, but is not
particularly common (Miller et al. 2000).

Once deer are infected, it appears that CWD is
progressive and invariably fatal; there is no evi-
dence of either immunity to or recovery from
CWD (Williams and Young 1992). The course of

. infection probably includes both latent and infec-

tious periods that typically span 18-36 months
(Miller et al. 2000). Initial infection most likely
occurs through the zlimentary canal (Sigurdson
et al. 1999, Williams et al. 2001), with the earliest
detectable accumulation of PrP™* in attendant

or high density.

Females Males )
Density Fawns Yearlings Adults Fawns Yearlings Adults
Low (< 500) 0.00 0.00 0.00 0.00 0.00 0.00
Normal (501-1,000) 0.01 0.02 0.07 0.02 0.06 0.20
High (>1,000) 0.03 0.05 0.10 0.03 0.09 0.27







