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ABSTRACT: Surveillance and epidemic modeling were used to study chronic wasting disease
(CWD), a transmissible spongiform encephalopathy that occurs naturally among sympatric, free-
ranging deer (Odocoileus spp.) and Rocky Mountain elk (Cetvus elaphus nelsoni) populations in
contiguous portions of northeastern Colorado and southeastern Wyoming (USA). We used clinical
case submissions to identify endemic areas, then used immunohistochemistry to detect CWD-
infected individuals among 5,513 deer and elk sampled via geographically-focused random sur-
veys. Estimated overall prevalence (prevalence, 95% confidence interval) in mule deer (4.9%, 4.1
to 5.7%) was higher than in white-tailed deer {2.1%, 0.5 to 3.4%) or elk (0.5%, 0.001 to 1%) in
endemic areas; CWD was not detected in outlying portions of either state. Within species, CWD
prevalence varied widely among biologically- or geographically-segregated subpopulations within
the 38,137 km2 endemic area but appeared stable over a 3-yr period. The number of clinical
CWD cases submitted from an area was a poor predictor of local CWD prevalence, and preva-
lence was typically 1% before clinical cases were first detected in most areas. Under plausible
transmission assumptions that mimicked field data, prevalence in epidemic models reached about
1% in 15 to 20 yr and about 15% in 37 to 50 yr. Models forecast population declines once
prevalence. exceeded about 5%. Both field and model data supported the importance of lateral
transmission in CWD dynamics. Based on prevalence, spatial distribution, and modeling, we
suggest CWD has been occurring in northeastern Colorado and southeastern Wyoming for >30
yr, and may be best represented as an epizootic with a protracted time-scale.

Key words: Cervus elaphus nelsoni, chronic wasting disease, epidemic modeling, epizootiol-
ogy (epidemiology), mule deer, Odocoileus hemionus, Odocoileus virginianus, prion, Rocky
Mountain elk, transmissible spongiform encephalopathy, wapiti, white—taﬁid deer.

INTRODUCTION transmissible mink encephalopathy) and
) ) ) ) humans (kuru, classic Creutzfeldt-Jacob
Chronic wasting disease (CWD) is @ gisease [CID], and variant CJD [vCJDJ),
naturally-occurring transmissible spongi- the causative agent of CWD has not been
form encephalopathy (TSE) f’f native  gefinitively identified. However, micro-
North American deer (Odocoileus spp.) scopic accumulations of proteinase-resis-
and Rocky Mountain elk (Cervus elaphus  tant prion protein (PrP*S) in brain tissue
nelsoni) characterized by behavioral gare consistently associated with clinical
changes and progressive loss of body con-  djsease. Chronic wasting disease appears
dition that are products of an invariably to be novel among known TSEs: strain
fatal neurodegenerative process (Williams typing has demonstrated differences be-
and Young, 1980, 1982, 1992; Spraker et tween CWD and other animal or human
al., 1997). Origin and mode(s) of trans- TSEs (Bruce et al, 1997), and natural
mission are poorly understood. As with transmission of TSEs between domestic
other TSEs of domestic animals (scrapie, bovids and cervids has not been docu-
bovine spongiform encephalopatby [BSE], mented.
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Chronic wasting disease is perhaps most
unique among animal TSEs in that it oc-
curs in a few sympatric free-ranging pop-
ulations of deer and elk. The only known
endemic focus in free-ranging cervids
spans contiguous portions of northeastern
Colorado and southeastern Wyoming
(USA). Here we report analyses and syn-
theses of preliminary epidemiological data
gathered from free-ranging cervid popu-
lations infected with CWD. Our specific
objectives were to estimate prevalence and
assess recent temporal trends, to evaluate
spatial and demographic attributes of en-
demic CWD, and to use surveillance data
in parameterizing and evaluating simple
models developed to forecast temporal dy-
namics and impacts on affected popula-
tions.

MATERIALS AND METHODS
Study area

The primary focus of our study was a 38,137
km?2 polygon in southeastern Wyoming and
northeastern Colorado where CWD is endemic
in free-ranging cervids (Fig. 1A). This endemic
area is bounded largely by the North and South
Platte rivers. About 62,000 deer (mostly mule
deer; 0. hemionus) and 13,200 elk are distrib-
uted among numerous resident subpopulations
(Colorado Division of Wildlife [CDOW], un-
publ. data; Wyoming Game and Fish Depart-
ment [WGFD], unpubl. data). Within this area,
deer and elk habitats range from alpine and
coniferous mountain shrub types in western
portions to riparian corridors and shortgrass
prairie tablelands in eastern portions; agricul-
tural and suburban developments are inter-
mixed with native habitats throughout. Mule
deer predominate in the western mountains
and foothills, but are less abundant in the east-
em tablelands and riparian areas; conversely,
white-tailed deer (0. virginianus) are far more
abundant in eastern riparian corridors and as-
sociated tablelands than in the mountains and
foothills. Elk are largely restricted to the moun-
tains and foothills. Low animal densities, ade-
quate winter range, and limited snowfall have
historically allowed deer and elk populations to
be managed without supplemental feeding
throughout the endemic area.

For epidemiological investigations, we col-
lected samples from management units (MUs)
within (Fig. 1B) and outside CWD-endemic
portions of both Colorado and Wyoming. These

MUs have been established by respective state
wildlife management agencies to aid in popu-
lation management and law enforcement;
boundaries are typically established with more
regard for simplicity in recognition and descrip-
tion than for biological relevance. Consequent-
ly, we used MUs here only as a means for de-
scribing the approximate geographic origins of
clinical suspects and harvested animals in order
to assess spatial features of CWD epidemiology.

Trageted surveillance

Between 1978 and 1999, 358 “suspect” deer
and elk showing clinical signs consistent with
CWD (21.5 yr old, poor body condition, ab-
normal behavior, * other signs) (Williams and
Young, 1980, 1982, 1992; Spraker et al., 1997)
were collected. Of these clinical suspects, 168
deer and 63 elk came from within the endemic
area and 89 deer and 38 elk came from outlying
parts of both states. Complete necropsies were
performed in most cases and select tissues, in-
cluding brainstem, were preserved in 10% neu-
tral phosphate-buffered formalin.

In all cases, histopathology of brain tissue
with particular attention to the medulla oblon-
gata at the obex was used to diagnose CWD
(Williams and Young, 1993; Spraker et al.,
1997). Tiisues were sectioned at 5 to 6 wm and
stained with hematoxylin and eosin. Lesions
were compared to those described for CWD in
mule deer, white-tailed deer, elk, and other nat-
ural TSEs of animals (Williams and Young,
1993; Hadlow, 1996; Spraker et al., 1997).

In 37 cases, we used immunohistochemistry
(IHC) to augment or confirm CWD diagnoses.
Briefly, formalin-fixed, paraffin-embedded tis-
sues were sectioned, processed and stained us-
ing minor modifications of techniques de-
scribed previously (Miller et al., 1993; van Keu-
len et al., 1995). Techniques for IHC have been
modified over time, but generally followed
those briefly described below. We used poly-
clonal antiserum against mouse-passaged scra-
pie (Rubenstein et al., 1986; Spraker et al.,
1997) or mouse monoclonal antibody (MADb)
against bovine PrP (F89/160.1.5; USDA/ARS,
Pullman, Washington) (O’Rourke et al., 1998).
Prior to immunostaining. sections were im-
mersed in 99% formic acid for 30 to 60 min
followed by hydrated autoclaving for 10 to 20
min. Sections were immunostained with dilut-
ed primary antibody for 0.5 to 1 hr at 37 C, a
biotinylated anti-rabbit or anti-mouse second-
ary antibody as appropriate, an ABC reagent
(Vectastain ABC Kit, Vector Laboratories, Bur-
lingame, California, USA) or alkaline phos-
phate strepavidin conjugate, a substrate chrom-
agen (fast red or AEC), and a hematoxylin
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Chronic wasting disease surveillance was conducted throughout Wyoming and Colorado (USA).

A. Chronic wasting disease is endemic in portions of southeastern Wyoming and northeastern Colorado. B.

The endemic area is comprised of 29 management units (MUs) established by respective state wildlife man-
agement agencies to aid in deer and elk population management.

counterstain. Positive and negative brain sec-
tions, normal rabbit or mouse serum, and PBS
were used as controls.

Population surveys

We surveyed select deer and elk populations
(Table 1) to obtain relatively unbiased estimates
of CWD prevalence and assess short-term

trends. Surveys began in 1983 in Wyoming and
in 1990 in Colorado, but small sample sizes and
unavailability of IHC limited the value of data
gathered prior to 1995; consequently, only data
collected since 1996 were analyzed here.
During October 1996 to January 1999, por-
tions of medulla oblongata were collected from
2,726 mule deer, 341 white-tailed deer, and 929



MILLER ET AL.—CHRONIC WASTING DISEASE EPIZOOTIOLOGY

TaeLe 1.

679

Estimated mean chronic wasting disease prevalence (%) and sample sizes by host species and area

in southeastern Wyoming and northeastern Colorado during 1996 to 1999, as measured via population surveys.

Mule deer White-tailed deer Elk
Prevalence® Prevalence Prevalence
Aggregated M Us? (IHC +/total) 95% CI (IHC+/total) 95% CI (IHC+/total) 95% CI
W16, W55 4.1 1.3-9.2 15.4 1.9-45.6 ns¢ ndd
(5/123) (2/13)
W64 13.1 8.0-20.0 3.6 0.1-18.3 ns nd
(18/137) (1/28)
W59, W60, W62, W63 12.4 6.4-21.0 ns nd ns nd
(11/89)
W76, W77, C7, C8 1.3 0.4-3.3 ns nd 0 0-1.3
(4/311) (0-290)
w61, C9 14.7 9.3-21.8 ns nd 0 0-33.6
(20/136) (0/9)
w57, C87, C88, C90 0.9 0.0249 0 041.0 ns nd
(1/110) (0r7)
Cl191, CI9 5.7 4.1-7.7 0 0-28.5 0.5 0.01-2.7
(39/685) (0/11) (1/201)
C20, c29 35 2.3-5.0 22.2 2.wo.1 0.9 0.3-24
(277776) (29) (4/429)
C94, C95, C951, C96 2.7 1.3-5.1 0.7 0.01-3.7 ns nd
(9/331) (1/146)
C80, C91, c92, c93 0 0-2.6 0.8 0.024.3 ns nd
(0/138) (1/129)

a2 Management unit aggregations based on geographic proximity and biological interrelationships (see text and Figs. 1-Z).
b Prevalence expressed as (number of immunohistochemistry-positive samples/total)* 100.
< Species either not harvested or. in afew cases, not sampled in this area.

d Not determined.

elk harvested, randomly culled, or road-killed
in 29 MUs (Fig. 1B) within or adjacent to the
endemic foci identified via targeted surveil-
lance; 757 deer and 760 elk from other MU'’s
throughout Colorado and Wyoming also were
sampled. Species, sex, and MU of origin were
recorded All deer and elk included in our sur-
veys were 21.3 yr old based on size and den-
tition. To further compare CWD occurrence
across age classes and between sexes in mule
deer, and to estimate age-specific prevalence
rates for comparison with epidemic modeling
results, ages were estimated more precisely via
dentition and cementum annuli (Robinette et
al., 1957; Erickson and Seigler, 1969; Larson
and Taber, 1980) for all CWD-positive mule
deer and a random subsample of negative mule
deer (103 males and 100 females) harvested in
four contiguous Colorado MUs (C9, C19,
C191, C20). Age class-specific IHC-based
prevalence rates were estimated for each sex;
the total number of negatives in the sample for
each age class was estimated from age distri-
butions of the random subsamples of males and
females. We selected these MUs because they
appeared to be representative of foothills mule
deer populations in the endemic area and be-

cause mule deer of both sexes had been sam-
pled with sufficient intensity (n = 1,014 males
and 485 females) to allow comparisons within
and between sexes.

Formalin-fixed medulla oblongatas, sec-
tioned at the obex, were examined for PrPres
accumulations by IHC (Miller et al., 1993;
Spraker et al., 1997; O’'Rourke et al., 1998) and
lesions (Williams and Young, 1993; Spraker et
al., 1997) consistent with CWD infection as de-
scribed above. In these surveys, all 5513 sam-
ples were examined by IHC; all 145 IHC-pos-
itives and about 3,009 IHC-negatives were
evaluated independently by histopathology. Pa-
thologists were blinded to samples’ precise MU
origins. Samples showing positive IHC reac-
tions, with or without spongiform encephalop-
athy, were classified as CWD-positive. We fur-
ther partitioned IHC-positives into two groups
based on the presence or absence of spongi-
form encephalopathy. Based on our observa-
tions of CWD pathogenesis in expen'menta.lly-
infected mule deer (E. S. Williams and M. W.
Miller, unpubl. data), we used this ratio as a
qualitative index of early versus late stages of
CWD infection in assessing independent epi-
demic model results.
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Data were analyzed using information-based
model selection (Sakamoto, 1991; Burnham
and Anderson, 1998). We used Akaike’s infor-
mation criteria corrected for small sample bias
(AIC,) for model selection and assessed good-
ness-of-fit using standard X2 approaches (Agres-
ti, 1990; Sakamoto, 1991). Prospective models
for explaining patterns in our data were con-
fronted and compared via AIC, to assess evi-
dence that biologically interpretable interac-
tions of spatial distribution, time, and/or sex in-
fluenced CWD prevalence within each host
species. We analyzed the entire set of harvest-
based survey data separately for each host spe-
cies. Because sample sixes from harvest-based
surveys were small for most individual MUs, we
pooled data from adjacent MUs connected via
known animal movements (Siglin, 1965; Bear,
1989; Kufeld et al., 1989; Kufeld and Bowden,
1995; CDOW, unpubl. data; WGFD, unpubl.
data); specific MU aggregations are listed in Ta-
ble 1. In addition, we used AIC, to assess evi-
dence that sex and/or age influenced CWD
prevalence in mule deer data from the subset
of four intensively sampled Colorado MUs (C9,
C18, C191, C20). For all analyses, only infor-
mation-based models with AAIC. < 3 were
considered good candidates for explaining pat-
terns in field data (Burnham and Anderson,
1998); we regarded models with AAIC, = 10
as having essentially no support in explaining
such patterns. Where necessary, we construct-
ed confidence intervals using either exact or ap-
propriate approximation methods (Agresti and
Coull, 1998).

Epidemic modeling

Based on epidemiological observations of
CWD in both captive and free-ranging cervids,
we constructed a simple, deterministic epidem-
ic model to aid in evaluating some basic as-
sumptions about CWD transmission and in
forecasting CWD dynamics (both retrospective
and prospective) and population impacts in
mule deer.

In this model, population and disease dy-
namics interacted annually in discrete time.
Our deer population model assumed two sexes
(male, female), 13 age classes (0 to 12), and
three health states (susceptible, latent, infec-
tious). We fixed yearling and adult survival
(Spale = 0.4, Sfemale = 0.85) and recruitment
(0.57); compensatory recruitment did not oc-
cur (Bartmann et al., 1992). Under the fore-
going assumptions, the population growth rate
was about 6% over 50 yr when CWD was ab-
sent; this was consistent with natural growth
rates estimated for healthy, low-density mule
deer populations (Unsworth et al., 1999).
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One modeling goal was to explore a range of
plausible values for CWD transmission param-
eters. In our models, animal-to-animal trans-
mission was driven by the average number of
infectious contacts per infectious individual per
year (B) (Heesterbeek and Roberts, 1995;
McCarty and Miller, 1998). We assumed that
was density-independent. In addition to lateral
transmission, we assumed that infectious fe-
males also infected their fawns at a fixed rate
(PMmat)- Because we doubt that agent is shed
uniformly throughout the disease course, we
conceptually divided CWD infections in mule
deer into a preinfectious latent period marked
in vivo by initial deposition of PrPres in lym-
phoid and brain tissues (Sigurdson et al., 1999;
E. S. Williams and M. W. Miller, unpubl. data),
followed by an infectious period. We assumed
that the end of the latent period and initiation
of agent shedding coincided with the appear-
ance of spongiform encephalopathy and clinical
signs >1 yr after infection (E. S. Williams and
M. W. Miller, unpubl. data), recognizing that
this may be an oversimplification of the natural
disease process. Consequently, we assumed in
our epidemic model that upon infection deer
initially entered a noninfectious, 1-yr latent pe-
riod. We modeled the probability of transition
from susceptible (S) to latent (L) states (Ps_r)
as described by McCarty and Miller (1998):

Is
P,y =1 ‘(1 = I'Y‘ : 1

where Z was the number of infectious deer,
was the average number of infectious contacts
per infectious individual per unit time, and N
was the total population size; in continuous
time, this probability function is quantitatively
similar to Heesterbeek and Roberts’ (1995)
representation of microparasite transmission
(McCarty, 1999: Chapter 1 Appendix). Deer
surviving the 1-yr latent period became infec-
tious and remained so until death; no immunity
or recovery occurred. Annual survival {s,) of in-
fectious deer was lowered by s,(0.5)Y, where y
was the number of years a deer had been in-
fectious; infectious deer did not survive >3
time steps, and the average survival of infec-
tious deer (I/A) was about 1.05 yr. At the end
of each time step, numbers of male and female
deer in each disease state were summed across
age or disease stage classes in a spreadsheet;
the spreadsheet and model code are available
upon written request to the senior author.

To explore potential sensitivity to variation in
model parameters, we examined a number of
plausible scenarios. In each case presented, we
began with the introduction of one infectious
female into a population of 1,090 at year 0. We
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Overall analyses of population survey data using Akaike’s information criteria corrected for small

AAIC, = 3 were considered good candidates for ex-

plaining patterns in field data; models with AAIC, = 10 had essentially no support in explaining data patterns.

Model
Species (number of parameters) AAIC, Biological interpretation
Mule deer population 0 Prevalence varies among ten biologically- and
(K = 10) (AIC. = 976.0) geographically-defined  subpopulations  within
the endemic area (MU aggregates; see Table
1).
population X sex 10.7 Prevalence varies between sexes and among
(K = 20) subpopulations as defined above.
White-tailed quadrant 0 Prevalence varies among four broad geographic
deer (K = 4) (AIC, = 65.2) divisions of the endemic area (northern and
southern foothills/mountains, northern and
southern river bottoms/tablelands).
mountains-plains 4.2 Prevalence varies between foothills/mountains
(K = 2) and river bottoms/tablelands (2 broad sum-
mations of contiguous populations).
Elk population 0 Prevalence varies among four biologically- and
(K = 4) (AIC, = 46.1) geographically-defined populations (Table 1).
null 18.1 No temporal, spatial, or intraspecific effects.
(K =1)

then tracked changes in total population size,
as well as numbers of susceptible, latent, and
infectious deer, over 50 y-r under transmission
scenarios that independently varied B or Pyar.
We compared model-generated data with in-
dependent field data, and forecast epidemic dy-
namics under different transmission assump-
tions.

RESULTS

Targeted surveillance

Since 1978, 119 CWD cases were di-
agnosed among 231 suspects submitted
from northeastern Colorado and south-
eastern Wyoming. (Preliminary data from
a portion of the Colorado cases included
here were also reported previously by
Spraker et al. [1997].) All positive cases
came from MUs (n = 16) in southeastern
Wyoming or northeastern Colorado (Fig.
2A-C); 79 of these cases were from two
adjacent Colorado MUs (C19, C20). In all,
CWD was confirmed in 84/148 mule deer,
7/20 white-tailed deer, and 28/63 elk sus-
pects submitted from the endemic area.
The first cases diagnosed in Colorado and
Wyoming were in 1981 and 1985, respec-
tively, but 109/119 clinical cases were di-
agnosed between 1991 and 1999. Most

(82/119) CWD cases presented between
November and April. None of the 127 sus-
pects from outlying MUs was diagnosed
with CWD.

Population surveys

As applied here, IHC appeared to be
both sensitive and specific in detecting
CWD: 104 deer with histological lesions of
spongiform encephalopathy tested IHC
positive (lower 95% CI bound = 0.965),
and all 757 deer and 760 elk from outside
known endemic MUs were IHC-negative
(lower 95% CI bounds 20.995).

Chronic wasting disease prevalence var-
ied among the three cervid species resid-
ing in the endemic area. Overall IHC-
based prevalence (prevalence, 95% confi-
dence interval) in mule deer (4.9%, 4.1 to
57%) was somewhat higher than in white-
tailed deer (2.1%, 0.5 to 3.4%), and much
higher than in elk (0.5%, 0.001 to 1%).
Only about 53% of IHC-positive mule
deer and 50% of IHC-positive white-tailed
deer had lesions of spongiform encepha-
lopathy; none of the IHC-positive elk
showed spongiform encephalopathy.

Within species, CWD prevalence varied
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FIGURE 2. Distribution and prevalence of CWD in free-ranging cervids from endemic portions of Wyo-
ming and Colorado, USA. The number of clinical CWD cases in (A) mule deer, (B) white-tailed deer. and



MILLER ET AL.—CHRONIC WASTING DISEASE EPIZOOTIOLOGY 683

TasLE 3. Analysis of mule deer data from four Colorado MUs (C9, C19, C191, C20) using Akaike’s infor-
mation criteria corrected for small sample bias (AIC,) for model selection. Models with AAIC. < 3 were
considered good candidates for explaining patterns in field data; models with AAIC, = 10 had essentially no

support in explaining data patterns.

Model
(number of parameters) AAIC, Biological interpretation
age X sex X disease 0 Differences in distribution of CWD-positive cases between
(K =4) (AIC, = 372.5) broad age groupings (=3 yr versus =4 yr) within each sex
(see Fig. 4).
sex X disease 57 Differences in distribution of CWD-positive cases between
(K =2 sexes only.
age X disease 26.7 Differences in distribution of CWD-positive cases between
(K=2 broad age groupings (=3 yr versus =4 yr) only.

widely among biologically- or geographi-
cally-segregated subpopulations (Table 1,
2; Fig. 2). For mule deer, estimated mean
prevalence ranged from 0 to 14.7% among
MU aggregates (Table 1; Fig. 2D). This
variation in prevalence tended to follow bi-
ologically-relevant spatial patterns: lower
elevation foothills subpopulations at the
core of the endemic area tended to be
most severely affected, with prevalence
declining to varying degrees in all direc-
tions (Table 2; Fig. 2D). Similar but weak-
er patterns were evident among white-
tailed deer and elk subpopulations (Table
1, 2; Fig. 2E-F). Aside from detecting
presence of CWD in most areas, local
prevalence could not be predicted reliably
from targeted surveillance data (Fig. 3). In
contrast to strong spatial influences on
CWD prevalence, temporal trends were
not evident over the 3-yr survey period.
We also detected no strong tendency for
CWD prevalence to differ between sexes
in any of the three host species (AAIC, =

10.7 for explanatory models that included
sex as a factor; Table 2). For mule deer,
comparisons of overall prevalence (preva-
lence, 95% confidence interval) between
males (5.5%, 4.4 to 6.5%) and females
(3.6%, 2.4 to 4.9%) were somewhat con-
founded because female mule deer were
rarely harvested or sampled in Wyoming
MUs; prevalence among males (6%, 4.6 to
7.5%) and females (5.2%, 3.2 to 7.1%)
from four intensively sampled Colorado
MUs (C9, C19, C191, C20) were more
similar than in overall comparisons. Within
the latter data set, we detected evidence
of sex-specific differences in prevalence
between broad age classes (=3-yr-old ver-
sus =4-yr-old) (Table 3, Fig. 4A-B); these
differences reflected, at least in part, the
disparity in underlying age structures be-
tween sexes resulting from relatively un-
limited annual harvest of male (but not fe-
male) mule deer in these MUs. Prevalence
was also similar between male (2.3%, 0.3
to 4.6%) and female (1.4%, 0 to 3.4%)

C-

(C) elk detected via targeted surveillance between 1978 and 1999 varied among species and management
units (MUs). Clinically affected deer or elk were documented in 16 of the 29 MU’s comprising the endemic
area; unless otherwise marked, MUs shaded in (A-C) yielded only one clinical case over the last 18 years.
Estimated CWD prevalence (%) in (D) mule deer, (E) white-tailed deer, and (F) elk also varied markedly
among and within species across the endemic area. In general, CWD was more prevalent in mule deer than
in white-tailed deer or elk. The largest and most intense focus of CWD infection spanned portions of south-
eastern Wyoming and northcentral Colorado, where about 12.4 to 14.7% of sampled mule deer were I[HC-
positive. Smaller but equally intense foci were also encountered in white-tailed deer, although prevalence
estimates for these were based on relatively small sample sizes (Table 1). Diamonds near Fort Collins, Col-
orado and Wheatland, Wyoming mark locations of wildlife research facilities where CWD was first described.
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white-tailed deer, and between male
(0.7%, 0 to 1.5%) and female (0.3%. 0 to
0.9%) elk.

Epidemic modeling

Our epidemic model independently
simulated field data in two important re-
spects. First, the 1:1 ratio of latent : infec-
tious animals produced by the model
closely approximated the 1:1.13 ratio of
IHC-positive : lesioned mule deer de-
scribed above. Second, sex- and age class-
specific prevalence patterns produced by
the model (Fig. 4C-D) were remarkably
similar to patterns reflected in field data

= 0.59). (Fig. 4A-B). Based on these similarities,

we regarded the model’s underlying as-
sumptions about CWD epidemiology and
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FIGURE 4. Among mule deer, we detected evidence that CWD prevalence differed between broad age

classes (<3-yr-old versus Z4-yr-old) within each sex. Differences between age structures of (A) female and
(B) male subpopulations were driven largely by liberal harvest regimes for male deer. Our epidemic model
produced age class-specific prevalence patterns for (C) female and (D) male deer that were remarkably similar
to patterns in field data. Field data are from mule deer harvested in four Colorado MUs (C9. C19, C20,
C191); vertical lines are upper bounds of 95% confidence intervals on age class-specific prevalence estimates.
Simulation data are from yr 31 (prevalence = about 5%) of a model where =125 and Pyar = 0.05; see
methods for other parameter assumptions.
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FIGURE 5. Epidemic models of CWD in mule deer. A. Modeled epidemics of CWD in mule deer were
sustained by various combinations of animal-to-animal (B) and maternal (Pyar) transmission values. Epidemics
were sustained if B = 0.95 infectious contacts per infectious individual per yr, even where Py, = 0; in
contrast, maternal transmission alone could not sustain endemic CWD. B. Models where g < 1.1 infectious
contacts per infectious individual per yr most closely approximated nonsignificant short-term trends in field
data from male mule deer, but failed to achieve overall prevalence seen in several field locations; higher
transmission rates {§ = 1.4 infectious contacts per infectious individual per yr) produced annual rates of
change in prevalence (= 1%/yr) that rapidly exceeded rates-estimated from field data. Models where § = 1.2
to 1.3 infectious contacts per infectious individual per yr produced the most plausible epidemic dynamics. C.
Using @ = 1.2 to 1.3 infectious contacts per infectious individual per yr, modeled epidemics reached about
1% prevalence (lower lines) in 15 to 20 yr and about 15% prevalence in 37 to 50 yr. Models forecast population
declines (upper lines) once prevalence exceeded about 5%. D. These models also approximated prevalence
trends for two MUs (C19, W64) where limited historical data were available. In (B), vertical lines span 95%
confidence intervals on overall CWD prevalence estimates (¢) for male mule deer in 1996, 1997, and 1998;
the solid line represents the best fit through these point estimates (r2 = 0.129, P = 0.148). In (D), points (A,
¥) are measured (or assumed for CI9 in 1984; see text) prevalence estimates for MUs where data were
available for >10 yr; the vertical line spans the 95% confidence interval on estimated CWD prevalence in
W64 in 1983-84 (0/124, examined via histopathology only: E. S. Williams, unpubl. data).

population biology as largely consistent mission alone could not sustain endemic
with the natural processes driving CWD CWD: even when Pyar=1. O (its highest
dynamics in the mule deer populations we possible value, indicating all infectious
studied. does transmitted CWD to their fawns),

The model was highly sensitive to CWD was eliminated unless § = 0.55 in-
changes in B, and to a lesser extent to fectious contacts per infectious individual
changes in Pypar. Modeled epidemics were  per yr. In contrast, CWD persisted when
sustained by various combinations of lat- B = 0.95 infectious contacts per infectious
eral (B) and maternal (Pp7) transmission individual per yr, regardless of Pyar’s val-
values (Fig. 5A). However, maternal trans- ue. Based on observations of CWD epi-
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demiology in captive mule deer, maternal
transmission appears to be relatively rare
(=3.4% of cases; M. W. Miller, unpubl.
data); consequently, we used PpaT = 0.05
in subsequent simulations of epidemic dy-
namics.

When f values were adjusted to ap-
proximate field data (B = 1 to 1.3) (Fig.
5B), the estimated basic reproduction ratio
(R,) for CWD in modeled mule deer pop-
ulations ranged from 1.5 to 1.95. Models
where B = 1.2 to 1.3 infectious contacts
per infectious individual per yr produced
the most plausible dynamics (Fig. 5B~D),
perhaps best described as epidemics with
protracted time-scales. Although models
where B = 1.1 infectious contacts per in-
fectious individual per yr most closely ap-
proximated nonsignificant short-term
trends in field data from male mule deer
(Fig. 5B), these models failed to achieve
overall prevalence observed in six of ten
MU aggregates (Fig. 5C) and underesti-
mated trends reflected in two limited long-
term data sets (Fig. 5D). When B = 1.2 to
1.3 infectious contacts per infectious in-
dividual per yr, modeled epidemics
reached about 1% prevalence in 15 to 20
yr and about 15% prevalence in 37 to 50
yr (Fig. SC). At higher transmission rates
(B = 1.4 infectious contacts per infectious
individual per yr), annual rates of change
in prevalence (=1%fyr) rapidly exceeded
rates estimated from our surveys (Fig. 5B).
Models forecast population declines once
prevalence exceeded about 5% (Fig. 5C).

DISCUSSION

Estimated CWD prevalences among
populations we studied are higher than re-
ported in surveys of other animal TSEs be-
cause we included preclinical (and perhaps
subclinical) cases where only IHC reac-
tions were observed. Comparable data for
the other animal TSEs are not available.
Epidemiological surveys of scrapie and
BSE (Detwiler, 1992; Anderson et al.,
1996; Hoinville, 1996: Wineland et al,
1998) typically report only clinical cases.
Including preclinical and subclinical dis-
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ease states more accurately estimates the
true rate of infection. Reporting only clin-
ical cases would have dramatically under-
estimated the true prevalence of CWD
here: of 133 IHC-positive mule deer iden-
tified in our harvest surveys, only four
were clinical cases (estimated mean prev-
alence 4.9% versus 0.1%). Only about 53%
of positive mule deer showed both histo-
pathological lesions of spongiform enceph-
alopathy and IHC staining; the remainder
were classified as positive solely on the ba-
sis of IHC. It is likely that our IHC-based
prevalence estimates still underestimated
true prevalence (by a factor of about 0.75
to 0.8; M. W. Miller, unpubl. data) because
staining does not appear in the medulla
oblongata of deer for >3 mo after infec-
tion (Sigurdson et al., 1999; E. S. Williams
and M. W. Miller, unpubl. data).

The two surveillance approaches used
here clearly have different strengths in ap-
plication. Targeted surveillance appears to
be an effective strategy for detecting new
CWD foci. Among the six most intensively
monitored MUs in northcentral Colorado
(C7, C8, C9, C19, C191, C20), CWD was
confirmed in 66% (74/112) of suspect deer
and 43% (23/54) of suspect elk submitted
via targeted surveillance; by comparison,
only 5% (92/1826) of deer and 0.5% (5/
929) of elk randomly sampled in these
same MUs actually appeared to be infect-
ed with CWD. However, targeted surveil-
lance data are not good predictors of
CWD prevalence or temporal trends be-
cause they are likely biased in several re-
spects (e.g., dependence on public aware-
ness, on someone observing and reporting
sick animals, and on interests of local man-
agement personnel). This is evident in the
poor relationship between the number of
clinical cases and estimated prevalence
(Fig. 3). Suspect case submission rates ap-
pear to have been strongly influenced by
the distribution of human population cen-
ters within the endemic area (Fig. 2). Sim-
ilarly, the seasonal pattern of clinical dis-
ease could reflect increased observability
of deer and elk on winter ranges. Alter-
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natively, because clinical cases also tend to
occur with greater frequency in captive
deer during winter (M. W. Miller, unpubl.
data), this pattern may reflect effects of
cold temperatures and/or inclement
weather in precipitating or exacerbating
clinical CWD in infected individuals. Al-
though probably less effective in detecting
new disease foci, harvest-based surveys ap-
pear to produce relatively unbiased prev-
alence data (Conner et al., 2000), and
therefore should serve as a more reliable
basis for assessing long-term temporal and
spatial trends in CWD dynamics.

Sex- and age class-specific prevalence
data are consistent with previous reports
that adult cervids may contract CWD
(Williams and Young, 1992; Miller et al.,
1998). These data also support the hypoth-
esis that lateral transmission drives CWD
dynamics. In light of an estimated 18 to 24
mo or greater incubation period for CWD
in deer (Miller et al., 1998; E. S. Williams,
unpubl. data), the relative lack of preclin-
ical disease in 16- to 17-mo-old deer ar-
gues against maternal transmission being
the most common route for CWD trans-
mission. If maternal transmission were
common, then infected animals should oc-
cur predominantly in younger age classes
(e.g., Foster and Dickinson, 1989); this
should be more evident among does than
bucks, because a broader range of female
age classes are represented under current
harvest regimes in the core endemic area
(Fig. 4). Our epidemic models also sup-
ported the apparent importance of lateral
transmission in CWD dynamics: preva-
lence levels observed in field surveys could
not be achieved or sustained in modeled
deer populations in the absence of lateral
transmission, but CWD could be sustained
without maternal transmission. A similar
relationship between lateral and maternal
transmission also emerged in recent epi-
demic models of scrapie (Matthews et al.,
1999; Woolhouse et al., 1999). Although
not represented in our models, indirect
transmission via environmental contami-
nation (Williams and Young, 1992; Miller
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et al., 1998; M. W. Miller, unpubl. data; E.
S. Williams, unpubl. data) may play a role
in natural dynamics and persistence of
CWD and deserves further consideration.

Our observations may offer insights into
the ultimate origins of CWD. The “chron-
ic wasting disease” syndrome was first rec-
ognized by biologists in the 1960s among
captive mule deer held in two wildlife re-
search facilities in Fort Collins (Colorado,
USA); subsequently it was recognized in
captive deer, and later in captive elk, in
other wildlife research facilities near
Kremmling (Colorado) and Wheatland
(Wyoming) (Williams and Young, 1980,
1982). Although CWD was first recog-
nized in captive deer, whether it truly orig-
inated in these facilities is less clear. As-
suming that prevalence increases slowly
over several decades, as forecast by our
models, and that such increases are uni-
form across populations and over time, it
follows that CWD prevalence should be
highest in areas where it has been present
longest (provided its introduction is rela-
tively recent). Applying these assumptions
to our field data, the pattern of geographic
variation in prevalence observed here sug-
gests an epicenter of highest prevalence
well north of Fort Collins, with subse-
quent spread among deer subpopulations
north and south along the Front and Lar-
amie Range foothills and east via the Lar-
amie/North Platte and Cache la Poudre/
South Platte river drainages. This hypoth-
esized pattern of disease spread would be
consistent with established migration and
movement corridors for mule deer, which
are particularly well-documented along
the Poudre/South Platte river corridor in
northeastern Colorado (Siglin, 1965; Ku-
feld et al., 1989; Kufeld and Bowden,
1995; M. W. Miller, unpubl. data). Because
the Fort Collins research facilities where
CWD was first described sit near the pe-
riphery of the MU aggregates where CWD
prevalence is currently highest, the notion
(Spraker et al., 1997) that these facilities
were the original source of CWD seems
questionable. Although infected research
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facilities historically may have exacerbated
geographic spread of CWD, we detected
no infections among 360 deer sampled in
five Colorado MUs (18, 28, 37, 181, 371)
near Kremmling (Colorado) where CWD-
infected captive mule deer also were held
in the late 1970s and early 1980s. Alter-
natively, some combination of unidentified
local conditions may enhance CWD trans-
mission in certain areas and prevent its es-
tablishment in others, thereby creating the
geographic variation in disease prevalence
reported here.

The duration of CWD’s occurrence in
free-ranging cervids remains as enigmatic
as its geographic origin. Chronic wasting
disease probably has been occurring in
captive deer for >30 yr (Williams and
Young, 1980, 1982, 1992). Although first
documented in the wild in 1981 (Spraker
et al., 1997), it is highly unlikely that this
was the first case of CWD in a free-rang-
ing cervid. A review of archived CDOW
records revealed that a free-ranging mule
deer with clinical CWD was probably mis-
diagnosed in 1978 (M. W. Miller, unpubl.
data). Undiagnosed cases could have oc-
curred even earlier. In contrast to clinical
submissions, historical data on CWD prev-
alence are lacking throughout most of the
endemic area. However, our experiences
with targeted surveillance suggest preva-
lence may be 1% (or higher) by the time
clinical cases are first detected in the field.
Assuming prevalence was about 1% in the
MU (C19) west of Fort Collins where the
first clinical case in a free-ranging mule
deer was confirmed in 1984, model pro-
jections (Fig. 5D) appear consistent with
an increase to about 3.5% over 14 yr. Sim-
ilarly, model projections approximate the
epidemic curve for one Wyoming MU
(W64) where the first clinical case in a
free-ranging mule deer was confirmed in
1985 and observed prevalence has appar-
ently increased from =2.9% to 13% be-
tween 1983 and 1998 (E. S. Williams, un-
publ. data) (Fig. 5D). The foregoing mod-
els produce 0.5 to 0.7% annual increases
in prevalence that would be difficult to de-

tect in the short term with our sample siz-
es. Time scales associated with these epi-
demic curves suggest the possibility that
CWD may have been present in free-rang-
ing deer in portions of both northeastern
Colorado and southeastern Wyoming since
the early 1960s, if not earlier.

Effective strategies for controlling or
eliminating CWD in wild deer and elk
have not been identified. Culling only deer
and elk with clinical signs leaves preclinical
individuals in the population; the relatively
small number of clinical cases detected in
our highest prevalence areas (Fig. 3) illus-
trate the poor efficacy of such approaches.
Despite aggressive harvest regimes in
some portions of the endemic area that re-
duced survival rates for male deer to less
than half that for females, CWD was
equally prevalent among males and fe-
males. It follows that random culling via
harvest or other means may be relatively
ineffective in reducing CWD prevalence,
although local deer population densities
and the unknown magnitude of female-to-
male transmission confound such interpre-
tations. Left unmanaged, the significance
of CWD and its impacts on populations
are uncertain, but models predict that ep-
idemics sustained over 30 to 50 yr could
reduce affected mule deer populations
dramatically. As modeled, CWD epidem-
ics are self-limiting because they drive af-
fected populations to extinction. A similar
epidemic pattern was observed in a sheep
flock naturally infected with scrapie (Fos-
ter and Dickinson, 1989). Such patterns
also have been seen in captive mule deer
and white-tailed deer herds with CWD
(Williams and Young, 1992; M. W. Miller,
unpubl. data); however, epidemic dynam-
ics are more rapid in captive deer and
much higher transmission coefficients
(e.g., B = 3.5) are required to simulate
CWD epidemics in captive deer popula-
tions, suggesting that more intensive trans-
mission may occur under confinement
than in the wild. Because population and
epidemic dynamics in naturally-infected
free-ranging deer populations occupying



MILLER ET AL.—CHRONIC WASTING DISEASE EPIZOOTIOLOGY 689

large geographic areas are more complex
than either modeled or captive deer herds,
the ultimate outcome in endemic areas
seems less certain.

Based on our findings, CWD appears to
be an emerging TSE of local and poten-
tially broader importance. Endemic CWD
apparently can be sustained in free-rang-
ing cervid populations for decades. More-
over, our models suggest that endemic
CWD may be more properly viewed as an
epidemic with a protracted time scale.
Chronic wasting disease may have been
spreading eastward along the North and
South Platte rivers for well over a decade.
Natural geographic spread will probably
continue, but may be virtually impossible
to detect in earliest stages. Such spread
may be accelerated in the future by in-
fected white-tailed deer and elk popula-
tions: river bottom white-tailed deer are
highly mobile (Kufeld and Bowden, 1995)
and become increasingly abundant in hab-
itats east of the present endemic area, and
elk populations may be more likely than
mule deer to sustain CWD in higher ele-
vation winter ranges to the west of the pre-
sent endemic area. It follows that barriers
to the natural spread of CWD and viable
population-level strategies for its manage-
ment clearly warrant further evaluation.
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