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Abstract 14 

 Investigations of chronic wasting disease (CWD), a contagious prion disease of cervids, have 15 

found it can cause long-term population declines in deer (Odocoileus spp.).   However, almost no 16 

data exist on the individual or population-level effects of CWD on free-ranging elk (Cervus 17 

elaphus nelsoni).  We conducted a radio-telemetry study on adult female elk from 2008-2010 18 

and determined incidence (proportion of susceptible elk infected per year), sources of mortality, 19 

annual survival, and population growth in a high-density herd from Rocky Mountain National 20 

Park (RMNP) that has been infected by CWD for over 25 years.  Annual incidence of CWD was 21 

0.08 (95% credible limits (CL) = 0.05, 0.12).  Following removal of elk that tested positive for 22 

CWD via rectal biopsy at project initiation, annual survival (excluding harvest) consistently 23 
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declined from 0.97 in 2008 (CL = 0.93, 0.99) to 0.85 in 2010 (CL = 0.75, 0.93).  Declines in 24 

survival were due almost entirely to increases in the cause-specific mortality rate of CWD, which 25 

increased from 0.02 in 2008 (CL = 0.00, 0.05) to 0.11 in 2010 (CL = 0.04, 0.21).  We used 26 

survival rates of susceptible and infected elk to develop a transition matrix, which estimated the 27 

intrinsic population growth rate (λ) of this elk herd to be 0.97 (CL = 0.90, 1.06) at the prevalence 28 

of CWD (12.9%) observed during this study.  We conclude that CWD-caused mortality can 29 

exceed natural rates of mortality, destabilize cow elk survival, and cause population declines in 30 

high-density elk herds. 31 

 32 
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Introduction 36 

The duration and extent of disease-related impacts on wildlife populations are normally 37 

constrained by a variety of factors, including development of host immunity or resistance 38 

(Bonneaud et al. 2011) and increasingly limited rates of disease transmission as contacts between 39 

susceptible hosts and pathogens decline (Haukisalmi and Hentonnen 1990, Arneberg et al. 1998, 40 

Krasnov et al. 2002).  However, hosts that have not evolved in the presence of an introduced or 41 

emerging disease frequently lack the ability to overcome such pathogens or limit their spread.  42 

This can lead to long-term, disease-induced host population declines or extirpation (e.g., 43 

McCallum 2008). 44 

Chronic wasting disease (CWD) is a contagious transmissible spongiform encephalopathy 45 

that infects cervids in North America.  It is an emerging prion disease that was first described in 46 

1967 (Williams and Young 1980, Williams and Miller 2002) and first detected in free-ranging 47 
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cervids in an elk from Rocky Mountain National Park, Colorado, in 1981 (Spraker et al. 1997).  48 

There is no evidence that infected individuals develop immunity or survive infection (Williams 49 

et al. 2001). 50 

Once established, there are several facets of CWD that may allow it to maintain a relatively 51 

constant rate of transmission, regardless of host population density, and depress the population 52 

size of ungulates.  First, CWD prions (PrPCWD) remain infectious for at least two years and likely 53 

longer in soil (Miller et al. 2004), and the closely-related prions that cause sheep scrapie are 54 

known to remain infectious for at least 16 years in farm pastures of Iceland (Georgsson et al. 55 

2006).  If environmental contamination plays an important role in the transmission process, as 56 

data suggest (Miller et al. 2006), rates of exposure will either exhibit a delayed response or have 57 

no relationship with host population density (Schuaber et al. 2007, Almberg et al. 2011).  58 

Second, research on captive animals indicates that PrPCWD accumulation progressively increases 59 

in the nervous system and lymphoid tissues of infected deer (Odocoileus spp.) and elk (Cervus 60 

elaphus nelsoni) (Spraker et al. 2002, Williams and Miller 2002, Miller and Williams 2003, 61 

Spraker et al. 2010).  The principle route of transmission and duration of prion shedding is 62 

unclear, but the potential exists for an individual to shed prions for months or years and across a 63 

variety of seasonal habitats before succumbing to clinical disease.  Finally, modeling results 64 

indicate that, even with intensive management, it is difficult to ensure the long-term 65 

sustainability of mule deer (Odocoileus hemionus) populations once CWD is established and 66 

exceeds 1-5% prevalence (Gross and Miller 2001, Wasserberg et al. 2009, Almberg et al. 2011).  67 

Empirical efforts to date generally support these findings and have found CWD can be 68 

maintained at a relatively high level of prevalence (e.g., 20-30%), even in the presence of mule 69 

deer population declines that exceed 50% (Miller et al. 2008). 70 
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Extant knowledge of CWD in free-ranging ungulate populations is based almost entirely on 71 

studies of deer.  Field studies have found that the annual survival and reproduction of infected 72 

mule deer is 30-40% lower than uninfected deer (Miller et al. 2008, Dulberger et al. 2010).  73 

Horizontal transmission has been demonstrated to occur through direct and indirect routes 74 

(Miller and Williams 2003, Miller et al. 2004, Miller et al. 2006), although the relative 75 

importance of host contact versus environmental contamination in free-ranging deer is unknown 76 

(Conner et al. 2008, Almberg et al. 2011).  A significant body of work has amassed over the past 77 

decade on the effectiveness of management strategies and importance of host and spatial metrics 78 

on prevalence of CWD in free-ranging deer (Farnsworth et al. 2005, 2006, Joly et al. 2006, 79 

Conner et al. 2007, Habib et al. 2007, Wasserberg et al. 2009, Lawson and Song 2010). 80 

Comparatively little is known about the ecology of CWD in free-ranging elk. Limited data 81 

suggest some differences in the ecology of CWD between deer and elk. Disease progression 82 

appears longer and more variable in captive elk (12-40 months) than mule deer (20-25 months) 83 

(Williams et al. 2002, Hamir et al. 2006); and prevalence is generally lower in elk (1-3%) than 84 

mule deer (1-30%) (Miller et al. 2000, Miller et al. 2008, Colorado Division of Wildlife 85 

(CDOW) 2009).  However, similarities in population effects may be greater than previously 86 

recognized.  Recent work found prevalence of CWD to exceed 10% in elk from RMNP (Monello 87 

et al. in review) and CWD-caused mortality can interact with predation and low recruitment to 88 

limit elk population growth (Sargeant et al. 2011).  These findings raise concern for the effects of 89 

CWD on elk population viability. 90 

We conducted a three-year radio-telemetry study to assess rates of transmission and effects 91 

of CWD in free-ranging elk from RMNP.  Our specific objectives were to 1) determine incidence 92 

of CWD (proportion of susceptible elk infected per year), 2) measure effects of CWD on elk 93 
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survival, 3) assess the importance of CWD as a source of mortality, and 4) estimate the 94 

relationship between prevalence of CWD and the rate of population growth in this elk herd. 95 

 96 

Materials and Methods 97 

Study Area and Population 98 

 The elk winter range in RMNP occurs at 2,400-2,800 m in elevation and forms continuous 99 

winter habitat with the Town of Estes Park, Colorado (105°58΄W, 40°36΄N).  Elk generally 100 

exhibit site fidelity to either the park or town areas (Lubow et al. 2002).  Hunting is prohibited in 101 

RMNP and most of Estes Park, although elk from both areas occasionally move into locations 102 

where they are subject to harvest.  The park and town sub-populations display independent 103 

population dynamics.  At their peak in the winter of 1999-2000, the park sub-population size was 104 

approximately 1,000 elk with a density of 15-110 elk/km2 (Singer et al. 2002) and the town sub-105 

population size was approximately 2,400 elk (Lubow et al. 2002).  Winter estimates have 106 

declined by ~30% since that time, with 600-700 elk inhabiting the park and 1,200-1,600 elk 107 

inhabiting the town during the course of our three year study (T. Johnson, unpublished data).  108 

There are likely multiple factors that have caused the recent population declines, including 109 

increased hunter harvest adjacent to the park (years 2004-2009), the implementation of a 110 

population reduction program in RMNP in 2008 (National Park Service 2007), dispersal to 111 

adjacent winter range areas, and effects of CWD (T. Johnson, personal communication; Monello 112 

et al. in review).   113 

 Prevalence of CWD in our study elk was estimated to be 12.9% in 2008 (95% credible limits 114 

[CL] = 8.0, 19.1; Monello et al. in review).  There are no formal estimates for elk that inhabit 115 

areas in and around the Town of Estes Park during winter, but test results from this general 116 
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region indicate that 2.4% (n = 9) of 382 harvested elk tested positive for CWD from 2006-2008 117 

(CDOW 2009).   118 

 119 

Study Design 120 

Elk were initially captured, sampled, fitted with a radio transmitter, and released during the 121 

winter of 2007-2008 (hereafter referred to as initial captures).  Elk that tested positive for CWD 122 

via immunohistochemistry (IHC) of rectal biopsies were recaptured within 55 days of their initial 123 

capture, euthanized, and necropsied.  We resampled, euthanized, and necropsied 20-34 of the 124 

remaining radio-collared elk in each of the following three winters (hereafter referred to as 125 

resampled elk) in conjunction with elk management at RMNP and other research purposes (e.g., 126 

Monello et al. in review).  Elk were monitored from 2008-2010 to assess annual survival and 127 

sources of mortality.  Elk deaths that occurred during the course of this study were investigated 128 

in the field and collected to determine cause of mortality. 129 

In a separate effort, we also collected 1) non-collared elk carcasses and 2) non-collared elk 130 

that were euthanized because they were exhibiting end-stage signs of CWD (emaciation, 131 

depression, excessive salivation; Miller et al. 1998).  These elk were opportunistically collected 132 

on the winter range in RMNP from 2001-2009 and tested for CWD.  These are included here 133 

because they provide additional insights into age- and sex-specific trends of CWD mortality in 134 

RMNP. 135 

 136 

Survival and Cause-Specific Mortality 137 

Elk capture and sampling techniques for this study have been previously described (Monello 138 

et al. in review) and are only briefly covered here.  During initial capture efforts, we anesthetized 139 
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adult female elk that did not show end-stage signs of CWD, attached a radio-collar, collected two 140 

rectal biopsies that were stored in 10% neutral buffered formalin, and reversed the effects of 141 

immobilization drugs.  Resampled elk were processed in the same manner, with the exception 142 

that once samples were collected, elk were euthanized and necropsied within eight hours of death 143 

at the Colorado State University (CSU) Veterinary Diagnostic Laboratory (Fort Collins, 144 

Colorado, USA). 145 

Each elk was fitted with a very high frequency (VHF) radio collar (ATS, Isanti, Minnesota, 146 

USA) that activated a mortality signal after eight hours of non-movement.  The status (alive, 147 

dead, not detected) of each elk was checked at least once per week from January 2008 to 148 

December 2010.  We minimized harvest mortalities in the last two years of the study by sending 149 

letters to licensed hunters that requested them to not harvest radio-collared elk.  When possible, 150 

we collected the entire carcass of elk that died during the study and necropsied them at the CSU 151 

Veterinary Diagnostic Laboratory.  When we could not collect the entire carcass, we removed 152 

the obex and retropharyngeal lymph nodes and stored them in 10% neutral buffered formalin.   153 

Causes of mortality were investigated in the field and during necropsy, and recorded as 154 

hunter harvest, CWD, predation, vehicle collision, or unknown.  Harvested elk were identified 155 

when collars and available postmortem samples (e.g., obex) were returned to the National Park 156 

Service or Colorado Division of Wildlife by a hunter.  Mountain lion (Puma concolor) kills were 157 

identified by cached carcasses and puncture wounds and hemorrhage on the throat or back of the 158 

neck (Shaw et al. 2007).  We considered CWD to be cause of death when there were no other 159 

potential causes identified during field or lab necropsies, and the elk was infected with PrPCWD 160 

and had an obex score > 8 (described below).  Carcasses that were too decomposed or scavenged 161 

to determine cause of death were classified as unknown, even if PrPCWD was detected.  Once an 162 
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elk was euthanized or found dead, a primary incisor was removed to determine age by cementum 163 

analysis (Matson’s Lab, Milltown, Montana, USA). 164 

 165 

Opportunistic Collections 166 

 Elk with end-stage signs of CWD (CWD-suspects) and carcasses found on the winter range 167 

were reported by park staff or visitors.  None of these elk or carcasses were radio-collared and all 168 

CWD-suspects were euthanized by RMNP staff.  Collection procedures were the same as for 169 

collared elk.  In most cases, an incisor was collected to determine age by cementum analysis. 170 

 For carcasses, we only included dead elk that had usable diagnostic samples for CWD (i.e., 171 

obex or retropharyngeal lymph nodes).  Causes of mortality were investigated in the field and 172 

during necropsy, and recorded as unknown, vehicle collision, predation, harvest (legal and 173 

illegal), or gored.  Sources of mortality were classified in a similar manner as for collared elk, 174 

except that harvest was determined by the presence of gunshot wounds.  We did not include 175 

CWD as a potential cause of death because carcasses were frequently too scavenged to rule out 176 

other sources of mortality and we did not score the obex.   177 

 178 

CWD Diagnostics 179 

The obex and medial retropharyngeal lymph nodes were removed and stored in 10% neutral 180 

buffered formalin for CWD diagnostics.  Antemortem rectal biopsies and postmortem samples 181 

were assayed for PrPCWD by IHC as previously described (Spraker et al. 2006).  We considered 182 

IHC staining of any postmortem sample (obex or retropharyngeal lymph node) to be a definitive 183 

diagnosis of CWD.  Obex samples that contained coarse, red, granular, or particulate deposits 184 

surrounding neurons and scattered in the neuropil were considered CWD positive.  Obex samples 185 
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were scored on a scale from 0 (no PrPCWD detected in brain stem) to 10 (elk in terminal stage of 186 

disease) as previously described (Spraker et al. 2010).  Lymph nodes and rectal mucosa tissue 187 

were considered to have PrPCWD if follicles or nerves had coarse, bright red, granular material 188 

(Spraker et al. 2009). 189 

 190 

Analyses 191 

 We conducted all analyses in a Bayesian framework.  To calculate incidence (annual 192 

probability of infection), we assumed all radio-collared elk were susceptible (uninfected) at the 193 

start of the study except for those that 1) tested positive for CWD via rectal biopsy or 2) were 194 

infected by PrPCWD but misdiagnosed as susceptible during initial capture efforts (as previously 195 

described; Monello et al. in review).  Incidence was estimated as 196 

Prሺݕ|׎, ݊ሻα ෑ binomialሺy௧|ሺ1 െ ,ሻ௧׎ ݊௧ሻbetaሺ1,1ሻ
ଷ

௧ୀଵ

 

where nt= the number of elk tested for CWD in year t, yt = the number of elk that tested negative 197 

for CWD in year t, and ׎ = the probability that an elk becomes infected by CWD during t to t+1.  198 

The number of elk tested per year (nt) consisted of collared elk that were resampled and 199 

euthanized or died during the study and had viable postmortem samples that could be tested for 200 

CWD.  Only elk that contained PrPCWD in the obex or retropharyngeal lymph node were 201 

considered to be infected. 202 

 Survival and cause-specific mortality of CWD was calculated from January to December for 203 

each year of the study.  We did not include any elk that died within two weeks of their initial 204 

capture.  Harvested elk were included but censored in the month they died because our request to 205 

licensed hunters to not harvest elk with radio-collars likely prevented an accurate representative 206 
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estimate of harvest mortality.  Resampled elk that were euthanized for research purposes were 207 

also censored; however, we did include elk that were euthanized because they were exhibiting 208 

signs consistent with end-stage CWD.  Within each year of the study, the probability of monthly 209 

survival (ߠ) was estimated as 210 

ܲሺݕ|ߠ, ݊ሻ ן ෑ binomialሺݕ௜|ߠ, ݊௜ሻbetaሺ1,1|ߠሻ,

ଵଶ

௜ୀଵ

 

where yi is the number of elk that are alive in the ith month and ni is the total number of elk (dead 211 

or alive) detected, excluding harvested and resampled/euthanized elk.  Although seven elk were 212 

undetected for 1-4 months, none of the 136 radio-collared elk disappeared or died while they 213 

were unaccounted for during the three-year study.  Thus, any individuals that were not detected 214 

were considered alive for the purposes of these analyses.  Annual survival (ߚ) for each year t was 215 

then calculated as ߚ௧ ൌ  ଵଶሻ. 216כሺ௟௢௚ሺఏ೟ሻ݌ݔ݁

 We estimated the relationship between prevalence of CWD and the intrinsic rate of 217 

population growth (λ) in this elk herd using the dominant eigenvalue from a transition matrix 218 

(Dulberger et al. 2010).  The matrix was a discrete-time, female-only model that requires annual 219 

survival rates for susceptible and infected elk.  We estimated survival of these two groups using 220 

the last 18 months of data from this study (June 2009 to December 2010) and the same analyses 221 

as above.  We only included elk that were resampled and euthanized or died and had viable 222 

postmortem samples during the last 18 months.  Any elk found to have PrPCWD in the obex or a 223 

retropharyngeal lymph node was considered to be infected by PrPCWD for the entire 18 month 224 

period.  We chose to only use the last 18 months to estimate survival because data from the first 225 

half of this study would have resulted in unrealistically high survival estimates for infected elk, 226 

due to removal of all known individuals infected with PrPCWD at the outset of the study (i.e., elk 227 
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infected with PrPCWD in the first 18 months of the study would all be in an early disease state).  228 

These analyses are fully described in Appendix 1. 229 

 230 

Results 231 

Survival, Mortality, and Population Growth 232 

 We captured, sampled, and placed radio-collars on 136 cow elk from December 2007 to 233 

March 2008.  Age at initial capture ranged from 2 to 21 years old.  The majority (n = 79) of 234 

collared elk were resampled and euthanized for research and management purposes, 9 of which 235 

tested positive for CWD (Table 1).  In addition, 13 elk were removed at the start of the study 236 

because they tested positive for CWD by rectal biopsy, 9 elk died of CWD during the study, and 237 

1 harvested elk tested positive for CWD (Table 1).  Of the 9 elk that died of CWD during the 238 

study, 4 were misdiagnosed as susceptible during initial capture efforts (Monello et al. in 239 

review).  Overall, 32 of 136 elk tested positive for CWD during the course of the three-year 240 

study.  Incidence of CWD in radio-collared elk was calculated to be 0.08 (CL = 0.05, 0.12). 241 

 Mean survival of adult female elk declined from 0.97 in 2008 (CL = 0.93, 0.99) to 0.85 in 242 

2010 (CL = 0.75, 0.93) (Figs. 1, 2).  Although uncertainty increased annually due to the removal 243 

of elk for research and management purposes, the 95% credible limits for survival in 2008 and 244 

2010 did not overlap (Fig. 1).  Elk primarily died from October to April, and no mortalities were 245 

observed in July or August (Fig. 2).   246 

 The decline in annual survival of study elk was concurrent with an increase in mortalities due 247 

to CWD; 1 of 121 elk died of CWD in 2008, but 5 of 56 elk died of CWD in 2010 (Fig. 3).  248 

Cause-specific rates of mortality for CWD were 0.02 (CL = 0.00, 0.05) in 2008, 0.06 (CL = 0.02, 249 

0.11) in 2009, and 0.11 (CL = 0.04, 0.21) in 2010.  Conversely, the number and proportion of elk 250 



12 
 

that were harvested declined after we requested hunters to not remove collared elk in 2009 and 251 

2010.  Other sources made up approximately 1/3 of annual mortality and included mountain lion 252 

predation, a vehicle collision, and unknown causes (Fig. 3).  Four of seven elk with an unknown 253 

cause of death did not have a usable postmortem sample and could not be tested for CWD. 254 

 Using data from the last 18 months of our radio-telemetry study, annual survival of non-255 

infected elk was estimated to be 0.95 (CL = 0.88, 0.99, n= 55), while annual survival of infected 256 

elk was estimated to be 0.55 (CL = 0.33, 0.76, n= 15).  We estimated λ to be 0.97 (CL = 0.90, 257 

1.06) using the 2008 estimate for prevalence of CWD (12.9%).  The transition matrix predicted 258 

that the population will decline (i.e., λ < 1.0) once prevalence of CWD exceeds 5% in females 259 

(Fig. 4).  However, the credible limits of this prediction were relatively large and prevalence may 260 

increase to 20% before CWD causes population declines in this elk herd (Fig. 4). 261 

  262 

Opportunistic Collections 263 

 We opportunistically collected 78 non-collared elk carcasses on the winter range, 53 (68%) 264 

which had no identifiable proximate cause of death (Table 2).  More than half of the carcasses in 265 

the unknown category (27 of 53) were infected with PrPCWD, and all but one elk carcass that 266 

tested positive for CWD was in the unknown category.  Overall, 4 of 25 (16%) male carcasses 267 

and 24 of 53 (45%) female carcasses tested positive for CWD.  Among 20 CWD-suspects that 268 

were euthanized, 16 tested positive for CWD (15 females, 1 male) (Table 2).   269 

  270 

CWD and Age 271 

 Among all elk, we did not detect any upper age limit to CWD infection; 4 of 9 collared elk 272 

that died of CWD and 4 of 26 opportunistically collected elk were > 10 years old (Tables 1, 2).  273 
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Additionally, radio-collared adult elk that tested positive for CWD at the start of the study via 274 

rectal biopsy (median = 3, mean age = 5.8, CL = 4.6, 7.2) were almost half the age of radio-275 

collared adult elk that died of CWD (median = 9, mean age = 10.2, CL = 8.3, 12.4).  Non-276 

collared CWD-suspects that were euthanized did not tend to be older (Table 2); however, when 277 

we restricted analyses to only include adult females (to be consistent with data from radio-278 

collared elk), median age at death increased (median = 8, mean age = 8.1, CL = 6.2, 10.4) and 279 

none of the CWD-suspects were less than 5 years old. 280 

 281 

Discussion 282 

 Our findings indicate cow elk survival - a metric that exhibits low variance but has the 283 

greatest impact on elk population dynamics (Nelson and Peek 1982, Raithel et al. 2007) - can be 284 

destabilized and negatively affected by CWD.  Following removal of all radio-collared elk that 285 

tested positive for CWD, we observed consistent annual increases in CWD-caused mortality and 286 

corresponding declines in survival during each year of the telemetry study.  The survival 287 

estimate of 0.85 (CL = 0.75, 0.93) observed in the last year of our study is of particular concern 288 

because range-wide research on elk indicates that the majority (>80%) of herds decline when 289 

cow survival is < 0.85 (Raithel et al. 2007).  Markedly lower survival rates due to CWD appear 290 

to be a recent phenomena in this population, as prior estimates of annual cow survival in RMNP 291 

that included harvest averaged 0.93 ± 0.023 (SE) from 1995 to 1998 (Lubow et al. 2002).  We 292 

recognize that we have only one year of data where survival is < 0.90, and thus our inferences 293 

are limited with regard to future projections of CWD-related impacts on this elk herd.  However, 294 

we suggest our annual estimates of survival are likely too high versus too low because we 295 

selectively removed elk that tested positive for CWD and censored hunter harvest mortalities.  If 296 
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we did overestimate survival, effects of CWD on this elk population are even greater than our 297 

results indicate here. 298 

 This is the first study to demonstrate the potential for CWD to cause a population decline in 299 

elk.  We found λ of elk in our study was lower than it would have been if CWD was absent or 300 

occurred at lower prevalence.  This suggests CWD has contributed to the recent elk population 301 

declines observed in RMNP and warrants further research.  Other empirical studies support this 302 

conclusion, as CWD has been found to reduce adult survival and contribute to population 303 

declines that exceed 50% in mule deer (Miller et al. 2008) and reduce λ in elk (Sargeant et al. 304 

2011).  The transition matrix predicts that, even in the absence of hunting or other sources of 305 

mortality, CWD alone will induce population declines once prevalence reaches 5-20%, although 306 

this relationship may be obscured by the dynamics and dispersal patterns of adjacent elk herds.  307 

This outcome is largely contingent on the survival rate of infected elk, which had a wide credible 308 

interval (0.33 - 0.76); and calf:cow ratios, which have been low for the past 15 years, including 309 

during recent declines (20-30 calves per 100 cows; Lubow et al. 2002, T. Johnson, unpublished 310 

data).  If the annual survival of infected elk is higher or calf:cow ratios increase, as would be 311 

expected in a herd that is no longer limited by their forage base (Lubow et al. 2002), the 312 

population may be able to sustain higher rates of CWD without exhibiting population declines. 313 

  Primary routes of prion transmission and the relationship between incidence of CWD and 314 

population density in free-ranging ungulates remain unresolved (Conner et al. 2008).  However, 315 

the long-term trajectory and impacts of CWD on population size will also depend on how rapidly 316 

the disease progresses in elk.  We found elk that tested positive for CWD via rectal biopsy were 317 

on average five years younger than elk that died of CWD, and none of our collared elk died of 318 

CWD prior to six years of age.  This difference was not due to age-related follicle counts, which 319 



15 
 

had relatively little bearing on CWD diagnostics (Monello et al. in review).  Length of disease 320 

course cannot be inferred from our results, but it does suggest the possibility that free-ranging 321 

adult female elk that are naturally infected by PrPCWD may live longer than captive elk that are 322 

orally inoculated with PrPCWD (Williams et al. 2002, Hamir et al. 2006).  A prolonged disease 323 

course in elk could lessen the impact of CWD on population size relative to deer herds (e.g., 324 

Gross and Miller 2001, Wasserburg 2009), but may also increase infectious contacts, 325 

environmental contamination, and long-term prevalence levels.  Estimates and associated 326 

uncertainties of disease progression times and survival should be further refined with research 327 

that monitors free-ranging elk known to be infected with PrPCWD via rectal biopsy. 328 

 The cause-specific mortality rate from CWD in the last year of the study (0.11) and 329 

proportion of opportunistically collected carcasses that tested positive for CWD (> 0.35) 330 

underscore the importance of disease in this elk population.  Aside from human harvest, only the 331 

combined effects of predation by wolves (Canis lupus), mountain lions, and bears (Ursus spp.) 332 

has been found to cause a similar rate of mortality for elk (annual mortality due to combined 333 

predation = 0.09, Evans et al. 2006; other rates from Unsworth et al. 1993, Ballard et al. 2000, 334 

Eberhardt 2002, Sargeant et al. 2011, Webb et al. 2011).  However, the potential effects of wolf 335 

predation and CWD on the age structure of elk herds are profoundly different; in healthy elk 336 

populations, wolves primarily kill calves or elk older than 12 years of age (Carbyn 1983, Wright 337 

et al. 2006), whereas CWD frequently infects and kills elk that are of prime breeding age (see 338 

also Sargeant et al. 2011).  Hunting also tends to remove prime-age elk (Carbyn 1983, Wright et 339 

al. 2006), but harvest rates can be adjusted to allow for population recovery.  Other sources of 340 

non-CWD mortality also vary due to annual weather patterns and predator-prey population 341 

dynamics (Carbyn 1983, Boyd et al. 1994, Mech et al. 2001).  In contrast, the consistent effects 342 
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of CWD will not allow for periods of recovery and thus has a greater potential to cause long-343 

term population declines relative to other sources of mortality, particularly if prion transmission 344 

rates are independent of population density (e.g., Almberg et al. 2011). 345 

 These results clearly indicate that CWD poses a risk, at least for high-density elk populations.  346 

We found CWD-caused mortality can exceed natural sources and, at the rates observed in our 347 

study, will likely result in either an unsustainable population or necessitate declines in harvest.  348 

Reductions in harvest will only be a temporary solution to prevent population declines if CWD 349 

continues to increase, as our modeling results indicate CWD alone is capable of causing large 350 

declines in λ.  It is critical to monitor the trajectory of CWD in this population and further reduce 351 

the uncertainty of the metrics used in our study to determine management options and the full 352 

impact this disease may have on elk populations. 353 

 354 

Management Implications 355 

  A critical need exists to examine if CWD displays similar patterns in other elk herds, for 356 

although we observed relatively high prevalence in a high-density elk population that is 357 

presumably lightly harvested, there is evidence that hunted elk populations in Southeastern 358 

Wyoming also display relatively high prevalence (http://gf.state.wy.us/services/education/cwd).  359 

Although data for elk are limited, empirical research and model simulations have consistently 360 

indicated that CWD will be difficult to eliminate or reduce in deer populations once it is 361 

established (e.g., Gross and Miller 2001, Conner et al. 2007, Almberg et al. 2011).  Observations 362 

indicate that hunting or the absence of localized refugia and attractants may slow the increase of 363 

CWD in deer and reduce its overall prevalence (Wolfe et al. 2002, Farnsworth et al. 2005, 364 
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Wasserberg et al. 2009), but the cause of these differences are unknown and large scale 365 

reductions of deer have failed to reduce CWD (Conner et al. 2007).   366 

 Several potential differences between CWD ecology in elk and deer may allow a test-and-367 

cull strategy to be just as or even more effective in elk versus deer (e.g., Wolfe et al. 2004), 368 

especially in our study location.  First, cow elk occur in larger herds that are more easily found 369 

during winter than deer.  This could facilitate capture and removal efforts, especially in herds 370 

that are habituated to humans.  Second, our data (Table 2) and prior work (see CWD-caused 371 

mortality rates; Sargeant et al. 2011) found no evidence that male elk have higher prevalence or 372 

CWD-caused mortality rates than females.  If confirmed, this means that management efforts can 373 

largely be concentrated on cow elk, as bull elk live for shorter periods of time and pose no 374 

increased risk of disease transmission relative to females.  Finally, prevalence is typically lower 375 

in elk than deer and the length of disease course may be longer in elk than deer (Williams et al. 376 

2002, Hamir et al. 2006).  This suggests removal of infected elk will be more beneficial than 377 

removal of infected deer because each elk represents a greater per capita source of transmission 378 

that may remain on the landscape for a longer period of time.  Similarly, selective removal of 379 

CWD-positive elk by wolves could be effective in truncating the period of prion shedding and 380 

resultant disease transmission opportunities (Wild et al 2011).  However, a better estimate of the 381 

time to death after antemortem CWD detection is critical to estimating the potential benefits of 382 

any selective removal strategy. 383 
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Table 1.  Fate of 136 radio-collared adult female elk and median age at time of death.  Five elk 

did not have any usable postmortem samples for chronic wasting disease (CWD) diagnosis (1 in 

harvested category, 4 in unknown category). 

Cause of death Number Median age (range) 

Resampled and euthanized 79    9 (3 – 19) 

CWD-positive and euthanized at start of study 13 3 (2 – 17) 

Harvested 10 9 (4 – 14) 

Died of CWD1 9 9 (6 – 16) 

Unknown1 7 11 (6 – 19) 

Other (vehicle collision or predator kill) 3 18 (8 – 21) 

Alive at end of three-year study 15 NA 

1Includes one of two elk that were euthanized because it was exhibiting end-stage signs of 

CWD (only one tested positive for CWD, the other was emaciated and unable to move) 

  



 
 

 

Table 2.  Sources of mortality and median age of 98 opportunistically collected elk from the 

winter range in Rocky Mountain National Park, 2001-2009.  None of these were part of the 

radio-telemetry study and we only included elk that had a usable postmortem sample for 

diagnosis of chronic wasting disease (CWD). 

Cause of death Males Females Median age (range; n) 

Unknown, CWD-negative 9 17 8 (1 – 18; n = 16) 

Unknown, CWD-positive 3 24 5 (2 – 12; n = 16) 

Vehicle collision 4 8 2 (1 – 15; n = 6) 

Predation (one male was CWD-positive) 3 4 3 (1 – 8; n = 4) 

Harvested or poached 6 0 NA (1, 5; n = 2) 

Euthanized CWD-suspect, infected 1 15 6 (1 – 12; n = 10) 

Euthanized CWD-suspect, not infected 1 3 NA (6, 15; n = 2) 

 

 

   



 
 

Figure Captions 

 

Figure 1.  Annual survival rate (± 95% credible limits) of adult female elk in Rocky Mountain 

National Park following removal of all elk known to have chronic wasting disease in 2008 (n = 

13, disease status determined with rectal biopsies).  Harvest mortality and management/research 

removals are censored (n = number of elk included in analyses after management/research 

removals in January). 

 

Figure 2.  Cumulative survival rate of adult female elk in Rocky Mountain National Park 

following removal of all elk known to have chronic wasting disease in 2008 (n = 13, disease 

status determined with rectal biopsies).  Harvest mortality and management/research removals 

are censored. 

 

Figure 3.  Mortality sources of adult female elk in Rocky Mountain National Park.  Note: 13 elk 

found to have chronic wasting disease during initial capture efforts were removed at  study 

initiation (January – March 2008) and hunters were requested to not harvest collared elk in 2009 

and 2010.  

 

Figure 4.  Effect of prevalence (% infected) of chronic wasting disease (CWD) in adult female 

elk on the intrinsic rate of population growth (λ) of the elk population in Rocky Mountain 

National Park (dashed lines represent 95% credible limits [CL]).  The transition matrix estimated 

λ to be 0.97 (CL = 0.90, 1.06) using the 2008 estimate for prevalence of CWD (12.9%). 
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Appendix 1 

We estimated the effect of CWD on the intrinsic rate of elk population growth (λ) as follows. 

We assumed that the growth of the population could be reasonably represented using a discrete 

time model portraying the female segment of the population in two age classes. Age classes 

included calves, age 6 months at census, and adults, age ≥ 1.5 years at census. We recognize that 

yearling females produce calves at lower rates than elk 2.5 years and older.  However, we used 

data on ratios of calves per yearling and older females to estimate recruitment to age 0.5 years, 

and did not attempt to include a yearling age class because it could not be discerned in the ratio 

data from Rocky Mountain National Park (RMNP).  Our model was 

ቀேభ
ேమ

ቁ
௧ାଵ

ൌ M ቀேభ
ேమ

ቁ
௧
, 

where ଵܰ is the number of female calves, ଶܰ is the number of adult females; M is the projection 

matrix and M = ൬
0 ݂
௝ݏ ௝ݏ

൰, ݂ is the number of female calves per adult female that survive to 

census, and ݏ௝ is the survival probability for adult females in two disease states, infected with 

PrPCWD (j = 1) or susceptible (j = 2). 

 The posterior distribution of ݂was estimated as 

Prሺ݂|y, nሻ ן ෑ binomialሺy௜|݂, ݊௜ሻbetaሺ1,1ሻ,

ହ

௜ୀଵ

 

where y is a vector of the number of female calves observed during midwinter classification 

counts from 2005-2010 assuming a 50/50 sex ratio of recruited calves and n is a vector of the 

number of adult females observed.  All ratio data was obtained from RMNP (T. Johnson, 

unpublished data).  We estimated the posterior distributions of monthly survival probabilities (ݏ௝) 

of infected and susceptible females using 



 
 

Pr൫ݏ௝หz, m൯ ן ෑ binomial൫z௧,௝หݏ௝, ݉௧ିଵ,௝൯betaሺ1,1ሻ,

ଵ଼

௜ୀଵ

 

where z௧,௝ is the number of elk in disease state j that were alive during month t, ݏ௝ is the survival 

probability of elk in susceptible or infected disease states, and ݉௧ିଵ,௝ is the number of elk in 

disease state j that were alive at time t − 1.  Estimates of monthly survival probabilities were 

rescaled to annual probabilities as ݏ௝
ଵଶ. 

 The posterior distribution of the population growth rate was estimated as the dominant 

eigenvalue of the matrix M, where survival probabilities were weighted by assumed values for 

the proportion of females infected with PrPCWD varying from 0 - 1. 


