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ABSTRACT
Chronic wasting disease (CWD) is a naturally occurring fatal transmissible spongiform
encephalopathy of cervids. In 1996, CWD was recognized in a herd of farmed elk in
Saskatchewan (SK) and by the year 2000 the disease was detected in wild mule deer (Bollinger
et al., 2004). Records of CWD in farmed elk and white-tailed deer (WTD) in SK from 2002 –
2017 were reviewed to: 1) summarize the epidemiology of the disease in farmed elk and WTD
within the province, and 2) develop a quantitative risk assessment to determine the probability of
there being at least one infected WTD or elk in a movement event dependent on the location of
the farm within the province. Data collected and compiled by the Canadian Food Inspection
Agency and the SK Ministry of Agriculture were used to describe the epidemiology of CWD in
SK farm cervids from 2002 – 2017. During this time period a total of 56 farms were found to be
infected with CWD and underwent an eradication process. Animal movements within the period
were numerous, with immigration events occurring more frequently than emigration events.
Infected farms averaged nine movement events over the 16-year time period (range 0 – 74
movement events), and movement events onto and off farms involving at least one known CWDpositive animal occurred in 13 and 10 of the 16 years, respectively. Sources of CWD
transmission for case farms were determined for 84% (47/56) of farms, and were primarily
linked to within-farm (68%, 15/47) and off-farm sources (32%, 15/47), while for the remaining
16% (9/56) of farms, the source was unproven. The 132MM and 96GG genotypes were most
prominent for CWD detected in elk and WTD, respectively. Higher immunohistochemistry
grading was observed for clinically infected animals (70% of WTD were Grade 3, and 58% elk
were Grade 4). Since the initial evaluation period (1996 – 2002) of CWD on farmed elk, the
median period prevalence of CWD on farms slightly decreased from 4.4% to 3.9%, and the
median prevalence at the time of depopulation (point prevalence) for this review period was
2.6%.
A quantitative risk assessment determined that the risk of an infected animal being
involved in a movement event was dependent on the geographic location, sex and age of the
animal. The quadrant sections Q1 (central west) and Q2 (central east) had the greatest probability
of an infected animal being involved in a movement event for WTD and elk, respectively, while
Q4 (southeast) had the lowest probability for both species. Captive WTD within SK had a greater
mean probability of at least one infected animal (4.80%) being involved in a movement event
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compared to elk (3.22%) for the province as a whole. For elk, males less than the median age of
CWD detection (70 mo) posed the greatest risk of contributing at least one infected animal in a
shipment within the province, while for WTD the disease prevalence on WTD farms posed the
greatest risk.
We conclude that during this time period within-farm transmission was an increasingly
important source of infection; however, the movement of infected animals among farms
continued to play a role in the spread of disease within the province. Further investigation and
identification of farm management factors associated with within-farm CWD transmission could
help mitigate disease spread and decrease prevalence on SK cervid farms. The risk assessment
study concluded that the geographic location, species, sex and age influence the potential risk of
having at least one CWD infected animal involved in a movement event. Although additional
risks (provincial surveillance program compliance, history of CWD detection on farm, duration
and distance of shipment and quarantine protocol) were not investigated, further analysis
involving added risks would be needed to further understand and lessen disease spread.
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1.0 INTRODUCTION
1.1 General
Transmissible spongiform encephalopathies (TSEs) are a group of fatal
neurodegenerative diseases that include bovine spongiform encephalopathy (BSE) in cattle,
scrapie in sheep and goats, chronic wasting disease (CWD) in cervids and Creutzfeld-Jakob
disease (CJD) in humans. Prions are proteins that can induce normal proteins to fold abnormally
and cause TSEs. Infection is characterized by slow and progressive accumulation of these
abnormally folded prions in lymphoid and nervous tissue. Currently, there is no successful
treatment or effective vaccine for TSEs.
Chronic wasting disease was first recognized in a Saskatchewan (SK) captive elk herd in
1996. Following the initial confirmation, CWD was confirmed in 40 game farms in SK and three
in Alberta (Bollinger et al., 2004). Through epidemiological investigation, results indicated that
CWD was likely introduced onto the farm by importing infected animals from a farm in South
Dakota (Kahn et al., 2004). Following the confirmation of CWD in Canada, it was listed as a
reportable disease under the Health of Animal’s Act, and the Canadian Food Inspection Agency
(CFIA) implemented a CWD eradication program for the cervid industry in Canada (Bollinger et
al., 2004). All trace out and trace in animals that moved on or off of an infected premise in the
previous three years, as well as the resident animals on the farm, were killed and tested as part of
the eradication program. In SK, free-ranging mule deer and elk were first confirmed CWDpositive in 2000 and 2007, respectively, and thought to have occurred due to spill-over from
captive-cervid herds (Bollinger et al., 2004; Canadian Cooperative Wildlife Health Centre, n.d.).
Since then, CWD has been reported in free-ranging cervids in Alberta and Manitoba, and in a
captive red deer herd in Quebec.
The continued detection of CWD in established and new geographic regions presents a
significant threat to population health of free-ranging and captive cervids. Implications of CWD
include negative financial impacts for the cervid industry, decreased population numbers and
decreased life expectancy. Age, sex, genotype, population density and wildlife incursions can
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influence the transmission of CWD in cervid farms, and the relationship among these factors are
complex. In this thesis, previously collected and compiled data was used to describe the
epidemiology of CWD within SK farmed cervids and applied to a risk assessment model linked
to the movement of cervids within the province. Given the endemicity of the disease,
understanding its epidemiology within the province and its relationship among risk variables
such as age, sex, species and geographic location, will be an important source of information to
be used for future recommendations to manage CWD impacts as the disease continues to
develop.
1.2 Objectives
The objectives of this study were to:
1. Compare and contrast the epidemiology of CWD in elk and WTD farms in SK
2. Compare sources of CWD introduction onto SK farms and the epidemiology of CWD in
SK elk farms to that of an initial evaluation period of 1996 – 2002
3. Apply calculated descriptive epidemiology findings of CWD in SK from 2002 – 2017 to
conduct a risk assessment for CWD transmission through the movement of animals onto
susceptible farms.
1.3 Thesis Structure
This thesis has been structured in paper formats. General Introduction and Literature Review
are presented in Chapters 1 and 2, respectively, and review the available information on CWD,
emphasizing disease characteristics that affect the SK cervid industry. Chapters 3 and 4 are the
parts of the thesis written in paper formats, and they address the study's objectives. The third
chapter is a descriptive epidemiological review of CWD in elk and WTD farms within SK from
2002 – 2017. Prevalence of CWD, CWD transmission sources, animal risk factors, and farm risk
factors are analyzed. Chapter 4 applies calculated prevalence’s from Chapter 3 to analyze the
risk associated with the movement of at least one CWD-infected animal onto a susceptible farm
within the province. General conclusions are outlined in Chapter 5.
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2.0 LITERATURE REVIEW
2.1 Chronic wasting disease
Chronic wasting disease (CWD) is a fatal transmissible spongiform encephalopathy
(TSE) that naturally affects cervid species including, white-tailed deer (WTD, Odocoileus
virginianus), elk (Cervus canadensis), mule deer (Odocoileus hemionus), red deer (Cervus
elaphus), and moose (Alces alces). As of yet, in North America, CWD has not been reported in
naturally infected reindeer (Rangifer tarandus tarandus) or caribou (Rangifer tarandus caribou,
Rangifer tarandus granti, Rangifer tarandus groenlandicus) despite limited geographic overlap
with free-ranging cervids that are currently infected with CWD in parts of their range (Mitchell
et al., 2012). However, a previous study found that reindeer are susceptible to disease following
intracranial transmission from CWD sourced WTD, mule deer and elk (Moore et al., 2016). In
addition, the first case of CWD in Europe, in a Norwegian free-ranging reindeer, confirmed that
the disease was similar to findings found in Canadian reindeer that were orally challenged with
CWD (Benestad et al., 2016). CWD has not been observed to spread to non-cervid species under
natural conditions. However, CWD has been transmitted to goats, sheep, rodents, mink, ferrets
and squirrel monkeys via intracerebral routes under experimental conditions (Hannaoui et al.,
2017).
Normal cellular prion proteins (denoted as PrPC) are small, cell-surface glycoproteins
which play a critical role in the pathogenesis of neurodegenerative disorders known as prion
diseases or TSEs (Castle & Gill, 2017; Colby & Prusiner, 2011). If PrPC is misfolded from an ahelical structure into a re-folded ß-sheet confirmation (Morillas et al., 2001) it becomes
converted into a disease-causing isoform (PrPSc) which can induce further pathogenic conversion
of the PrPC to PrPSc, resulting in the accumulation and aggregation of these abnormal isoforms in
the cytosol leading to degeneration and death of the cell (Castle & Gill, 2017).
TSEs are known to affect both humans and animals. TSEs have extended incubation
periods (months to years) and a prolonged period over which clinical disease develops.
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Depending on the specific TSE disease, an infected individual may shed and transmit
prions, with no clinical signs of illness. Human TSE diseases include classic Creutzfeldt-Jakob
disease (CJD) and variant forms including, Gerstmann-Stäussler-Scheinker syndrome, fatal
familial insomnia and kuru (Collins et al., 2004). These diseases are not contagious. Non-human
forms of TSE include scrapie in sheep and goats, bovine spongiform encephalopathy (BSE),
commonly referred to as “Mad Cow,” and CWD of cervids. Scrapie and CWD are contagious
and can be transmitted by direct contact and via contaminated environments.
2.2 History of chronic wasting disease
In 1967, the first clinically recognized case of CWD was identified in a captive cervid
herd in a research facility in Colorado, United States, but it was not until 1978 that CWD was
recognized as a TSE. The origins of CWD are unknown; however, Miller et al. (2000)
discovered a high-prevalent area of CWD in wild deer north of Fort Collins, Colorado, and
speculated that CWD was likely present in wild populations prior to identification in captive
animals and the disease afterwards dispersed throughout the area via natural migration and
movement of mule deer. Soon after the disease was recognized as a TSE, it was reported in
Wyoming and thought to be limited to this region for two decades (Sigurdson, 2008). In 1981,
wild elk in Colorado were diagnosed with the disease, and by 1985 CWD was detected in wild
mule deer in Colorado and Wyoming (CWD Alliance, n.d.). Since being recognized, the disease
has been confirmed in Canada, South Korea and various countries within Europe and occurs
among two separate populations of cervids: farm-raised and free-ranging.
2.3 History of chronic wasting disease in Canada
In 1996, CWD was recognized in a herd of farmed elk in Saskatchewan (SK) and in 2000
was detected in the wild mule deer population (Bollinger et al., 2004). However this was not the
first occurrence of CWD in Canada as a retrospective study examining all cervid mortalities from
1973 – 2003 at the Toronto Zoo found that eight animals (seven mule deer and one black-tailed
deer) tested positive for CWD prion antigens (Dubé et al., 2006). In SK, between 1996 and 2002,
39 herds of farmed elk tested positive for CWD and underwent depopulation as part of the CFIA
disease eradication program (Argue et al., 2007). Elk imported from unknown positive farms in
the United States were thought to be the source of this outbreak (Kahn et al., 2004; Leiss et al.,
2017). In contrast to the origin of CWD in Canadian farmed cervids, the source of disease in
free-ranging cervids is unknown. Possible explanations include direct transmission from infected
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individuals on farms to free-ranging cervids or through the spontaneous development of CWD in
wild cervids (Kahn et al., 2004). More recently, in Canada, CWD was confirmed in seven red
deer on a farm in Quebec, and up to now, there has been no positive case detected in that
province’s free-ranging cervids (CWHC, 2018).
2.4 CWD transmission
Transmission of CWD is by exposure to infected tissues or excretions, either directly or
through the environment. In animals infected by forms of TSE disease such as cattle, sheep and
cervids, the central nervous system (CNS) has been found to have the highest propensity for
infectivity (Race et al., 2009). There have been three main routes of CWD transmission studied;
horizontal, environmental and vertical.
2.4.1 Horizontal transmission
Horizontal transmission is described as the primary and most facile mode of CWD
transmission, and the majority of disease spread occurs through mucosal contact with infectious
prions (Hoover et al., 2017). Previous studies have found that the PrPSc is shed from individual to
individual through excreta (e.g. urine, feces, saliva), blood and antler velvet, and shedding can
occur in preclinical or clinical stages (Gough & Maddison, 2010). Further research has shown
that saliva has the greatest potential for contributing to horizontal transmission of CWD,
especially in increased animal-density environments such as in captive facilities (Mathiason et
al., 2006).
2.4.2 Environmental transmission
Indirect transmission of CWD through contaminated environments is known to play a
role in CWD dynamics. Research has shown that CWD prions within the soil can attach to
particulates and remain infectious for at least two years (Conner et al., 2008) resulting in
contaminated environments acting as an additional source of infection (Vasilyeva et al., 2015).
Environmental transmission is well documented in scrapie as infectious prions have been found
on numerous surfaces where previously infected sheep were housed, including feed troughs,
pens, metal fencing, plastic scratching posts, and wooden fence posts (Maddison et al., 2010).
Similarly, exposure of susceptible deer to pastures previously inhabited by CWD infected
animals led to disease transmission (Miller et al., 2004). Additionally, CWD infectious prions
have been detected on bedding and feed buckets used by infected deer (Mathiason et al., 2009).
Numerous factors, such as animal behaviour, migration routes, and habitat have also been
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suggested to play a role in the likelihood of environmental transmission of CWD. Saunders et al.
(2012) indicated that the proportion of transmission via horizontal versus environmental routes
may vary among cervid species, natural cervid habitats, and ecosystems. In addition, regions of
increased animal density can act as reservoirs for CWD transmission. Other environmental areas,
such as animal mortality sites, allow the infectious prions to enter the environment. Previous
studies have demonstrated the risk associated with environmental transmission of CWD in
captive mule deer as susceptible animals exposed to naturally infected captive animal carcasses
and paddock environments, which previously housed infected deer 2.2 years prior, contracted
CWD (Miller et al., 2004).
2.4.3 Vertical transmission
Vertical transmission of TSEs has been found to play a role in BSE (Smith, 2003), CJD
(Tamai et al., 1992) and scrapie (Adams, 2016; Foster et al., 2013). Furthermore, research has
proven that cervids, during their reproductive age, are susceptible to infection. Selariu et al.
(2015) demonstrated that a majority of infected free-ranging elk dams from a CWD endemic
region had positive reproductive tissues and positive fetuses, concluding that the transmission of
CWD to offspring may contribute to the spread of disease in naturally exposed populations. In
Reeves’ Muntjac deer, the transmission of CWD prions from doe to fawn has been demonstrated,
and in addition, with maternal CWD infection, there is a reduced number of viable offspring
(Nalls et al., 2013). In infected sheep populations, studies have found infectious scrapie prions in
mammary tissues of ewes and that infection can be transmitted via milk to lambs (Konold et al.,
2008; Ligios et al., 2005; Nalls et al., 2013). Past research has proven that infectious prions are
present in the blood of infected individuals, further suggesting that maternal blood may be a
possible transmission source for susceptible offspring (Houston et al., 2000; McCutcheon et al.,
2011; Terry et al., 2009; Wroe et al., 2006).
2.5 Pathogenesis
The pathogenesis of CWD has been extensively studied in cervids, such as mule deer,
elk, red deer, and reindeer. In red deer, animals were infected with CWD following oral
inoculations with infectious material from elk (Balachandran et al., 2010), while similarly in elk,
animals were infected from clinical cases of cognate species showing that the experimental route
mimics that of natural exposure conditions (Williams & Miller, 2002). The pathogenesis of
CWD is known to be influenced by the prion protein gene (PRNP). The normal cellular prion
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protein, which is a cell surface protein expressed in a variety of different organs and tissues with
high expression levels in the central and peripheral nervous system, is determined by the amino
acid sequence encoded by the host PRNP (Robinson et al., 2012; Wulf et al., 2017). In the
diseased form, PrPC is misfolded and becomes more resistant to degradation, and accumulates
within the CNS, leading to fatal neurodegenerative conditions. A previous study involving
Rocky Mountain elk suggested that the PrPC sequence positioned at codon 132 influences the
likelihood of infection for these animals (Gilch et al., 2011). These results coincide with a report
by Argue et al. (2007) in which elk with the 132MM genotype, as opposed to the 132ML and
132LL genotype, were over-represented in captive CWD infected animals in SK. Previous
studies of prion pathogenesis in naturally acquired disease portray two main methods of prion
spread, including early lymphoid replication prior to accumulation within the brain, as in scrapie,
and a prion replication pattern restricted to the CNS, which is described in BSE (Beekes &
McBride, 2007; Hoover et al., 2017; Keulen et al., 2002). Research has suggested that the
pathogenesis of CWD is comparable to that of scrapie (Hoover et al., 2017). It has been
established that naturally infected CWD cervids are exposed via contact with contaminated oral
and mucosal secretions (Hoover et al., 2017). In the early stages of infection, PrPSc levels in
lymphoid tissues are detected at higher levels in deer than elk (Race et al., 2007). In infected
deer, PrPSc is initially detected in the lymphoid tissues, with later stages deposition occurring in
brain tissue, first in the dorsal motor nucleus of the vagal nerve in the obex and then second more
widely in brain tissue.
Contrary to deer, the pathogenesis in elk may not require lymphoid infection prior to
neuroinvasion as only small amounts of PrPSc are detected in lymphoid tissue (Race et al., 2007).
Williams and Miller (2002) explain that in naturally occurring cases of CWD, prion lymph node
accumulation in the alimentary tract, particularly the tonsil and retropharyngeal lymph nodes,
also precedes accumulation in the brain. It is supposed that PrPSc travels from its initial lymphoid
replication sites via blood, lymphoid cells and/or secondary mucosal entry sites in the intestinal
mucosa (Hoover et al., 2017). Additionally, Mathiason et al. (2009, 2010) have reported that
blood can harbour CWD infectivity, particularly associated with B cells and platelets (Hoover et
al., 2017). In other TSEs, such as CJD, the transportation of prions from the intestinal mucosa to
mesenteric lymph nodes and spleen has been linked to macrophages (Hoover et al., 2017;
Takakura et al., 2011). In addition, it has recently been shown that prions present in the blood of
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hamsters, mice and humans can cross the blood-brain barrier (BBB), but whether this contributes
to the spread of disease is still unconfirmed (Keller et al., 2018). Results from Keller et al. (2018)
determined that the permeability of the CNS vasculature has a minor effect on prion disease
transmission into the CNS when using genetically modified mice (Pdgfbret/ret) with a
compromised BBB.
Immune cells found in primary and secondary lymph follicles in lymphoid tissue, known
as follicular dendritic cells (FDC), are thought to play a role in the migration of prions from the
lymphoid tissues to the CNS. Studies indicate that prions travel to the CNS along peripheral
sympathetic nerves, and the distance between FDC and sympathetic nerve endings influence the
speed at which the brain is infected (Keller et al., 2018). Within the brain, the parasympathetic
vagal nucleus in the medulla oblongata has been noted as the most consistent and severely
affected site in naturally infected deer (Williams & Young, 1993), and accumulation of the
prions occur prior to the development of spongiform lesions. The time frame from the
accumulation of prions within the brain to detecting spongiform changes is known to vary
between cervid species. In unpublished data by Williams, Keeger and Cook, the time frame for
experimentally infected WTD and elk was found to be 10 and 6 months, respectively (Williams
& Miller, 2002).
2.6 Animal movements
The distribution of CWD has been expanding since first observed approximately 50 years
ago in free-ranging cervids. As of January 2022, the Centers for Disease Control and Prevention
(CDC) listed 27 states with positive free-ranging CWD cases (Centers for Disease Control and
Prevention, 2022). The proportion of CWD-positive animals has been increasing, and the
geographic spread of the disease continues to be a concern for susceptible populations (Figure
2.1). In areas of Wisconsin, the number of CWD-positive WTD more than doubled from 2011 –
2016 (Carlson et al., 2018). Belay et al. (2004) hypothesized that the expanding distribution of
CWD is connected to the natural migratory and dispersal movements of wild cervids in
combination with the commercial movements of infected animals from disease-endemic zones.
In addition to the natural and anthropogenic movements of cervids, CWD's long incubation time
and multiple sources of transmission contribute to the continued spread of disease in both freeranging and farmed animals.
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One of the main paths of infectious disease transmission in animals is via livestock trade
(Green et al., 2006). In 1997, after a three week history of progressive clinical signs, a male elk,
exported from Canada to Korea, was confirmed CWD-positive (Sohn et al., 2002), confirming
the first CWD-positive case outside of North America. A study by Makau et al. (2020) found that
over a six year period, 11,298 cervids were involved in 2,578 movement events to and from
Minnesota farms, highlighting the fact that a thorough understanding of farm-to-farm contacts is
needed to help identify potential sources of CWD transmission. Between 1996 and 2002, CWD
was diagnosed in 39 herds of farmed elk in SK. Animals that subsequently died or exhibited
clinical signs on farms during the initial stage of the SK outbreak were found to be a significant
risk factors for within-herd transmission, as they contributed to environmental contamination and
were involved in direct animal contact (Argue et al., 2007). The importation of live CWDinfected animals from a game farm in South Dakota is likely the source of the SK epidemic.
2.7 Wildlife health impacts
The establishment of CWD in free-ranging SK deer populations is likely due to at least
two spillover events from infected cervid farms (Bollinger et al., 2004). There are few studies
that have investigated wildlife health implications once disease became endemic. Research on
the effects of prion infection on survival of mule deer in Colorado found that the annual survival
of CWD-positive animals was markedly lower compared to uninfected animals (Miller et al.,
2008). Further, a decline in the mule deer population was observed from 1987 – 2007 in both the
estimated population size and the mean daily counts at the time CWD was detected.
Another study conducted in southeastern Wyoming during 2003 – 2010 found that the
prevalence of CWD in free-ranging WTD was 42% in females and 29% in males (Edmunds et
al., 2016). In addition, results indicated that CWD-positive deer were 4.5 times as likely to die
annually than CWD negative deer and there was a 10.4% annual decline in the WTD population.
The study concluded that when a chronic disease such as CWD becomes endemic in wildlife
populations there is the potential for it to be population-limiting.
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Figure 2.1. Distribution of chronic wasting disease (a) prior to 2000 and (b) in October 2021 in North America. Maps provided by Bryan Richards, USGS.
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2.8 Clinical signs
Animals exhibiting CWD show a spectrum of signs which can range from mild to
extreme. Generally, animals are characterized by prominent loss of body condition and
behavioural abnormalities. Previous research has suggested that clinical signs are often milder,
and the clinical course is more prolonged in elk than deer (Kahn et al., 2004; Williams et al.,
2002). With the disease progression, animals may exhibit one or more of the following signs:
polydipsia and polyuria, increased salivation, incoordination, posterior ataxia, head tremors,
listlessness, depression and aggression (Gilch, 2020; Kahn et al., 2004; Williams et al., 2002). In
addition, Argue et al. (2007) observed that during the 1996 – 2002 SK outbreak, infected elk
retained their winter hair coat during the summer months. Williams and Miller (2002) describe
additional clinical signs such as esophageal dilatation, hyperexcitability and syncope, which may
be occasionally observed.
The length of observable clinical signs of CWD is often variable. Williams and Miller
(2002) describe that the variability of disease in captive animals may last from days to
approximately a year, with most animals surviving for three to four months. However, they
further suggest that the clinical course of disease in wild cervids is likely shorter since they must
forage, find water and avoid predation. Since most animals do not show noticeable signs of
illness until the disease has progressed, significant CWD transmission may have already
occurred to other susceptible individuals. Regardless of the state of progression, the disease is
ultimately fatal. Thus, dependence solely upon the presence of observable clinical signs as a
means of disease mitigation or prevention is unreliable.
2.9 Diagnostic methods
CWD-positive cases are screened and confirmed by detecting prions in the CNS and/or
lymphoid tissue. Confirmation of non-negative CWD samples is performed in Canada at the
CFIA’s National and World Organisation for Animal Health Reference Laboratory and in the
United States at Animal and Plant Health Inspection Service (APHIS) approved university, State,
or Federal veterinary diagnostic laboratories. There are two main categories of diagnostic tests,
antibody-based diagnostics (e.g. immunohistochemistry (IHC), Western Blot, enzyme-linked
immunosorbent assay (ELISA)) and prion protein amplification assays (e.g. real-time quaking
induced conversion, RT-QuIC). Western Blot, gel electrophoresis immunoassay, and IHC
confirm ELISA results utilized as screening tests.
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In infected deer, prions can be detected solely within lymphoid tissue (i.e. no detection
within the brain). On the other hand, detecting prions within lymphoid tissue is less sensitive in
elk (Spickler, 2016). The main site within the brain used for testing is the medulla oblongata at
the level of the obex.
Ante-mortem methods of CWD detection include sampling and testing of tonsillar
biopsies. Although the application of tonsillar biopsies may be used as a herd surveillance
method, it requires the animal to be restrained and anesthetized (Williams, 2005), which may
limit its use for larger herds (Wolfe et al., 2002). Recto-anal mucosa-associated lymphoid tissue
(RAMALT) testing is an ante-mortem test method that requires sedation or anesthesia for
sampling, and is used for detection of CWD in live cervids in which a biopsy of lymphoid tissue
from inside of the anus is taken. Since CWD is a reportable disease, any animal with a positive
RAMALT test result is considered as a CWD suspect and must be reported to the CFIA under
the Health of Animals Act (Government of Canada, 2019).
2.9.1 Histopathology of CWD
Microscopic examinations of animals with CWD are similar to animals and humans
infected with other prion diseases (Gilch et al., 2011). These similarities are noted to occur
within the grey matter of the CNS (Williams & Young, 1993), and the nature and severity of the
brain lesions are not impacted by whether the animal has been naturally or experimentally
infected (Gilch et al., 2011). Typical microscopic findings in CWD may include one or more of
the following; spongiform degeneration of the gray matter, neurons with intracytoplasmic
vacuolation, degeneration and loss of neurons, hypertrophic and hyperplastic astrocytes, amyloid
plaques and an absence of significant inflammatory cells (Williams & Young, 1993). These
changes occur bilaterally within the brains of cervids. Most cervids are susceptible to CWD;
however, the severity and distribution of lesions are individually variable, and damage following
infection is greater within the olfactory tubercle and cortex, hypothalamus, and parasympathetic
vagal nucleus in deer compared to elk (Williams & Miller, 2002). In addition, in the cerebral
cortex and diencephalon of deer, amyloid plaques were more numerous and more easily
observed than in infected elk. Overall, lesions of CWD are comparable to those described for
other spongiform encephalopathies, including scrapie in sheep and goats; BSE, transmissible
mink encephalopathy and kuru and CJD (Williams & Miller, 2002).

12

2.9.2 Immunohistochemistry
The “gold standard” for CWD detection involves the postmortem sampling of
retropharyngeal lymph node, tonsil and obex samples followed by IHC. Several different IHC
techniques have been developed for diagnosing CWD in cervids tissue samples with specific
antibodies demonstrating properties for detecting PrPSc in fresh, frozen or autolyzed tissue
samples (Spraker et al., 2002). This method provides a suitable means of visualizing CWD
pathology; however, it is not useful in diagnosing sub-clinical CWD as spongiform
encephalopathy occurs around the same time clinical features develop. CWD prions are detected
by IHC in various tissues in cervids showing clinical signs and symptoms (Gilch et al., 2011).
A grading schemes has been developed to describe the distribution and intensity of
positive immunostaining. Spraker et al. (2014) developed a scheme in which one of five groups
are assigned to IHC results: Group 0 - no PrPSc detection; Group 1 – scant PrPSc restricted to the
dorsal motor nucleus of the vagus nerve (DMNV); Group 2 – Abundant PrPSc restricted to the
DMNV; Group 3 – PrPSc in DMNV, the nucleus of the solitary tract and scant deposits in
surrounding nuclei, and; Group 4 – intense PrPSc staining in DMNV and surrounding nuclei.
2.10 Management and surveillance of disease
Once CWD has become established in an area, the eradication of the disease is
unmanageable due to reservoirs of infectious prions within free-ranging cervids (Bollinger et al.,
2004). Management strategies in Canada for CWD during the epidemiologic review time-period
for infected farms include the enrollment in the Voluntary Herd Certification Program (VHCP),
depopulation of animals on CWD positive farms, and mandatory testing of suspicious deaths and
cervids slaughtered for meat. However, the lengthy incubation period and environmental
persistence of CWD prions present substantial management challenges for effective disease
control (Wood et al., 2018). A common practice for wild cervid CWD management involves
reducing population densities through culling to minimize contact between infected and
susceptible individuals (Manjerovic et al., 2014). Similar strategies have been implemented to
decrease the transmission of bovine tuberculosis among wild deer populations. Methods included
decreasing deer densities and reducing opportunities for congregation by banning recreational
feeding and baiting activities of large numbers of deer.
There is no current treatment for CWD-infected individuals or vaccines to reduce
abnormal prion shedding or prevent infection. Numerous research studies have been conducted
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to aid in disease management but have yet to be entirely successful (Pilon et al., 2013; Taschuk
et al., 2017; Wood et al., 2018). Research on chemotherapeutic options for preventing and
treating TSEs include PrP conversion, neuroprotection, and combination therapy (Sim, 2012). In
a previous study using scrapie-infected rodents, glycosaminoglycans successfully slowed PrPSc
formation (Wolf et al., 2015).
2.10.1 Herd Certification Program
The VHCP has evolved substantially since first developed in 2002. Presently, the
program is known as the Chronic Wasting Disease Herd Certification Program (CWD-HCP) and
once enrolled in the program compliance with national standards and regional standard operating
procedures is mandatory (Government of Canada, 2021). Requirements of the program are
developed and maintained by the CFIA, and the provincial, territorial or industry organization(s)
oversee and administer the HCP. The program provides owners and operators with a means of
detecting and preventing the introduction of CWD into their herd, opportunity to have their herds
identified as participants in Canada’s national CWD compartment program of “low risk” animals
concerning CWD and an opportunity to be eligible for the CFIA’s CWD compartment response,
including destruction and possible compensation if CWD is confirmed in the herd. Any cervid
producer can participate in the program (Government of Canada, 2021). Farms with a valid
cervid farm licence enrolled in the CWD-HCP advance through one of six program levels
(starting with level E, through D, C, B, A and finally certified). With each successful year in
which CWD is not detected, farms are re-designated with the subsequent letter until reaching the
final “certified” level. A minimum of five successfully enrolled years is required to become a
certified herd based on the program requirements, and all cervids residing on the premises are
included in the herd enrollment (Government of Canada, 2021). National Standards that cervid
owners and farm operators employ for the prevention of disease are founded on four pillars:
thorough inventory records, testing of animals that died or are sent for slaughter, new animals
only acquired from farms enrolled in the HCP of a similar or higher level and implementation of
the HCP biosecurity measures (Government of Canada, 2021).
2.10.2 Rationale for management
In order to mitigate CWD transmission, it is important to understand the prevalence at the
local and national level, the risk factors, and conditions that lead to disease. Understanding these
factors provides the necessary information for disease prevention.
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Because of the zoonotic potential of TSEs, management strategies put in place to reduce
the risk of spillover to humans have has been necessary. Direct handling of infected animals,
animal products or both (Koutsoumanis et al., 2019) and the consumption of venison are sources
of concern for human exposure to CWD prions. In addition to central nervous system and
lymphoid tissues, infective CWD prions have also been found within the gastrointestinal tract
(Haley et al., 2011), skeletal muscle (Angers et al., 2006), kidney (Otero et al., 2019), and heart
tissues (Jewell et al., 2006). As a precaution for human health implications, the World Health
Organization (World Health Organization, 1999) has recommended that “no part or product of
any animal with evidence of CWD or other TSEs should be fed to any species (human, or any
domestic or captive animal)” (p. 39).
However, unlike BSE, there is currently no evidence of transmission of CWD to humans
and there have been no documented human CWD case reports. Transmission of CWD is not
known to occur through natural exposure outside the family Cervidae; however, in laboratory
animals such as ferrets, squirrel monkeys and goats, CWD has been detected following
intracerebral injection (Bartz et al., 1998; Marsh et al., 2005; Williams et al., 2002).
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3.0 DESCRIPTIVE EPIDEMIOLOGY OF CHRONIC WASTING DISEASE
IN SASKATCHEWAN CERVID FARMS (2002 – 2017)
3.1 ABSTRACT
Chronic wasting disease (CWD) in farmed elk and white-tailed deer (WTD) in
Saskatchewan (SK) from 2002 – 2017 was reviewed to 1) compare and contrast the
epidemiology of elk and WTD farms in SK, and 2) compare the epidemiology of CWD in SK
cervid farms to that of an initial evaluation, including sources of disease introduction onto farms.
Data from previously collected farm demographics, animal movements and features, and animal
testing were used. A total of 56 CWD case farms were identified and underwent an eradication
process. Epidemic curves highlighted a continued presence of disease within the province,
despite initial efforts towards eradication. Clinical animals were associated with higher IHC
grading (70% of WTD were Grade 3, and 58% elk were Grade 4). The 132MM and 96GG
genotypes were most prominent for CWD detected in elk and WTD, respectively. Female elk
and male WTD had a greater risk of CWD diagnosis when compared to their gender
counterparts. The median age of CWD-positive elk and WTD was 2 years in depopulated herds
(95% CI [1.6, 2.5] and [1.8, 2.2], respectively). There were numerous animal movement events
within the period, with immigration events occurring more frequently than emigration events.
Throughout the period, individually infected farms averaged nine movement events (range 0 to
74 movement events). At least one CWD-positive animal moved onto a farm in 13 of the 16
years of the study and at least one CWD-positive animal moved off a farm in 10 of the 16 years.
The likely source of CWD transmission was determined for 84% of case farms: 68% were linked
to within-farm sources and 32% of case farms were linked to off-farm sources. During the initial
evaluation period there was a 4.4% median period prevalence of transmitted CWD on farms.
Since the initial evaluation period the median period prevalence of CWD on farms slightly
decreased to 3.9%, but was greater than the point (depopulation) prevalence (2.6%). Based on
this information and the spread of disease, further investigation and identification of farm
management factors associated with within-farm
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CWD transmission could help to mitigate disease spread and decrease prevalence among SK
cervid farms.

3.2 INTRODUCTION
Chronic Wasting Disease (CWD) is a naturally occurring transmissible spongiform
encephalopathy (TSE) that affects animals within the cervid family. The causative agent is a
conformationally altered prion protein, PrPSc, that can induce a similar conformational change in
normal cellular prions, PrPC, altering their function and cellular metabolism resulting in
spongiform degeneration and eventually death of host cells (Travis & Miller, 2003). Clinical
signs, such as lack of fear, depression, polydipsia and polyuria, syncope, excessive salivation,
ataxia, weight loss and tremors (Williams, 2005) and retention of winter coat (Argue et al.,
2007), develop once these misfolded proteins disseminate and accumulate in tissues of the
central nervous system (CNS) in sufficient amounts to impair normal neurological function. The
time from CWD infection to the observation of clinical signs depends on several factors,
including species, genotype, location and route of infection.
Transmission of CWD can occur via horizontal, environmental and vertical routes.
Horizontal transmission is the primary transmission method, with infection occurring by oral
exposure to infectious secretions or excretions from other infected animals (Sigurdson et al.,
1999, 2001; Williams & Miller, 2002). Studies have shown that infection can be acquired from
numerous environmental sources, including vegetation and soil contaminated by urine (Haley et
al., 2011), feces (Pulford et al., 2012; Tamgüney et al., 2009; Tennant et al., 2020) and
decomposing carcasses of infected animals (Miller et al., 2004). Specific areas, such as
comingling areas and contaminated surfaces, may serve as ongoing sources of infection due to
high infective prions concentrations (Maddison et al., 2010; Saunders et al., 2012).
In 1996, CWD was first confirmed in Canada on a captive elk farm in Saskatchewan
(SK). Between 1996 and 2002, CWD was detected in a total of 39 herds of farmed elk within
SK; these were depopulated as part of the Canadian Food Inspection Agency (CFIA) CWD
eradication program (Argue et al., 2007). A significant risk factor for within-farm spread of
CWD was the introduction of animals from infected farms that subsequently exhibited clinical
signs or died from CWD (Argue et al., 2007). Since then, implementation of disease surveillance
measures consisting of testing all animals ³ 12 mo of age that die, are humanely euthanized,
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hunted on farms or slaughtered have shown a persistent presence of CWD cases within the
province.
Chronic wasting disease is frequently confirmed through testing of tonsils,
retropharyngeal lymph nodes (RPLN) and/or brainstem at the level of the obex using
immunohistochemistry (IHC), and can be used to stage infection based on location and intensity
of staining of PrPSc (Williams, 2005). In early stages of infection, PrPSc levels in lymphoid
tissues are detected at higher levels in deer than elk (Race et al., 2007). In infected deer, PrPSc is
initially detected in the lymphoid tissues, with deposition occurring at later stages in brain tissue,
first in the dorsal motor nucleus of the vagal nerve in the obex and eventually occurring more
widely in brain tissue. This is contrary to the pathogenesis in elk, where lesser amounts of PrPSc
are detected in lymphoid tissues suggesting that lymphoid infection in elk may not be a prior
requirement for neuroinvasion (Race et al., 2007).
The prion protein gene (PRNP) is a host gene responsible for encoding and regulating the
expression of the PrPC (Bueler et al., 1993); thus, it can affect an animal’s susceptibility to prion
disease (Brandt et al., 2015). The PRNP locus is responsible for encoding the prion protein,
which, when misfolded, can cause TSE in a range of species (Wilson et al., 2009). In WTD,
clinical disease does not develop as readily in individuals with polymorphisms at the Q95H and
G96S amino acid positions (Brandt et al., 2015; Johnson et al., 2011). In elk, individuals
homozygous for methionine (MM) at codon 132 were more likely to be infected with CWD than
those heterozygous for methionine and the minor allele leucine (132ML) or homozygous for
leucine (132LL) (Williams, 2005). Furthermore incubation times increased when at least one
leucine was produced at codon 132 (O’Rourke et al., 2007).
The objectives of this study were to 1) compare and contrast the CWD epidemiology of
elk and WTD on farms in SK, and 2) compare the epidemiology of CWD in SK cervid farms
including sources of disease introduction to that of an initial evaluation period of 1996 – 2002.

3.3 MATERIALS AND METHODS
Data was collected by the CFIA while investigating CWD on cervid farms and the
Saskatchewan Ministry of Agriculture on cervid movements, testing, and farm and animal
features, from depopulation events and submission of individual animals. Data comprised of
information gathered via telephone, electronic mail, fax and paper copies was imported into
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Microsoft Excel, version 16.16.5. The data, after data checking was completed, was provided in
excel formats with notations of limitations, definitions and categorization (e.g. sex, age, species,
etc.). Data was then used to describe the epidemiology of CWD in SK farm cervids from 2002 –
2017. A positive case farm (infected farm) was defined as any farm with one or more laboratoryconfirmed CWD infected cervids and consequently underwent an eradication process (i.e.,
depopulation or hunt-out).
3.3.1 Diagnosis of CWD
Testing and reporting procedures on cervid farms included animals ³ 12 mo of age that
died on the farm and animals that were euthanized, sent for slaughter or were part of a
depopulation process. Brain samples, including sections of the medulla oblongata from the level
of the obex, palatine tonsil and medial RPLN, were collected (when and if available), and the
subsequent IHC staining for the prion protein associated with CWD (PrPSc) was examined and
recorded. A diagnosis of CWD was based on detecting PrPSc in at least one of the collected
tissues. The distribution and intensity of positive immunostaining was assigned to one of five
groups as previously described in Spraker et al. (2004): Group 0 - no PrPSc detection; Group 1 –
scant PrPSc restricted to the dorsal motor nucleus of the vagus nerve (DMNV); Group 2 –
Abundant PrPSc restricted to the DMNV; Group 3 – PrPSc in DMNV, the nucleus of the solitary
tract and scant deposits in surrounding nuclei; Group 4 – intense PrPSc staining in DMNV and
surrounding nuclei. Preclinical and clinical designations were recorded based on whether clinical
signs were observed or not observed by owners, farmworkers or CFIA staff prior to death or
euthanasia. Records of confirmed positive testing data and, when available, genotype and/or IHC
results, along with either preclinical or clinical designation, were used for analysis.
3.3.2 Animal and Farm Risk Factors
Animal risk factors included cervid species (elk or WTD), sex (male or female) and age
(as a continuous variable). The overall prevalence of CWD by sex and the median age value and
age range were calculated for each species and sex. Animal risk factors were calculated
separately for elk and WTD to allow for comparison. Any individual(s) with missing data were
excluded from analysis.
Farm level risk factors included geographical location (latitude and longitude
coordinates) and animal movements (onto and off farm). Movement of all animals onto and off
farms were assessed for five years prior to the farm depopulation date. A “movement event”,
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either immigration or emigration, was defined as an event when multiple animals were moved at
one specific time and translocated from one farm location to another. The movement of a single
animal was labelled as an “animal movement.”
Animals labelled as “trace-in” were defined as animals that moved from an infected farm
onto the subsequent farm of interest. “Trace-out” animals were defined as animals that were
moved off an infected farm, and the source of infection for any “trace-out” animal(s) that
subsequently tested positive for CWD as part of the outbreak investigation was thought to
originate from their source farm. Resident animals were defined as animals born on the farm or
animals that had resided on the farm for at least five years prior to CWD being detected on the
premise.
Similar to the initial evaluation by Argue et al. (2007), the period prevalence of CWD on
infected farms was calculated using CWD-status of current residents and trace-out animals
within 36 months prior to depopulation; this calculation excluded animals < 12 months of age.
Trace-in animals were not included in the calculation as they likely contracted the disease at their
source farm. Farms with CWD-positive trace-in animal(s) and no CWD-positive resident(s) or
trace-out animal(s) were then assigned a prevalence of zero. The point prevalence of CWD on
infected farms was calculated as the number of infected animals over the total number of tested
animals at the time of depopulation, excluding any animals under one year of age as tests are not
sensitive enough to detect disease in animals of this age. The total number of animals on-farm at
the time of depopulation was used as a measure of farm size. An infected cervid was classified
as any animal with a confirmed positive laboratory test.
Case farms enrolled and not enrolled in the VHCP for any length of time during the
review period were noted. Any known or suspect deviations from the program enrollment
requirements for those enrolled were recorded.
3.3.3 Data descriptive analysis
The proportion of the total CWD cases were calculated for both species and sex. The sex
ratio was calculated from the average sex-specific CWD prevalence per case farm. Epidemic
curves demonstrating the number of infected animals per year and the number of infected farms
depopulated per year were constructed. Occurrence of CWD in farmed cervids was expressed as
both a period prevalence and a point prevalence at the time of depopulation. Geographic
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distribution of case farms within the province was also investigated and mapped according to
their provided latitude and longitude coordinates using ArcGIS software, version 10.6.1.

3.4 RESULTS
In SK from 2002 – 2017, 56 farms were identified as case farms and underwent a
subsequent eradication process (i.e., depopulation or hunt-out); 26 were elk-only farms, 21 were
WTD-only farms, and the remaining 9 farms were of mixed (elk and deer) cervid species.
Geographically, most infected farms were clustered in one of two regions: the central-eastern
region (27%, 15/56) or the central-western region (29%, 16/56) of the province (Figure 3.1). The
number of infected farms peaked in 2007 with nine infected farms and no confirmed infected
farms in 2003 or 2005 (Figure 3.2). Following detection in the initially infected animal, the
number of individual animals in which CWD was annually detected at the time of depopulation
ranged from 0 to 209 animals (Figure 3.3).
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Figure 3.1. Geographical distribution of chronic wasting disease (CWD) elk (n=25), white-tailed deer
(WTD) (n=21) and mixed-species (elk and WTD) (n=9) infected Saskatchewan farms (2002 – 2017).
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Figure 3.2. Yearly total number of chronic wasting disease (CWD) infected elk, white-tailed deer (WTD)
and mixed-species (elk and WTD) farms at the time of CWD detection (2002 – 2017) (total=56 case
farms).
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Figure 3.3. Total number of chronic wasting disease (CWD) infected elk and white-tailed deer (WTD) at
time of depopulation for farms infected during the period of 2002 – 2017 (n= 569). Note: Total numbers
only include those at time of depopulation and do not include initial CWD detected animals prior to
depopulation. In addition, total numbers do not include animals from two farms in which CWD was
detected in 2017 but not depopulated until 2018.
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3.4.1 Diagnosis of CWD
From 2002 – 2017, CWD was detected in 871 individual animals through laboratory
testing.
3.4.1.1 Immunohistochemical
Available data from 56 infected farms showed a total of 3,756 animals with negative IHC
staining results and 829 animals with positive IHC results: the degree of staining was available
for 81% (670/829) of those positive animals. A total of 467 (225 elk and 242 WTD) animals with
graded positive IHC staining results included preclinical or clinical-stage designation of CWD
based on the presence/absence of observable clinical signs (Table 3.1). For clinical stages of
CWD, the most frequently documented staining grades were Grade 3 (76%, 16/21) for WTD and
Grade 4 (58%, 11/19) for elk cases.
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Table 3.1. Immunohistochemical staining grades of preclinical and observed clinical stages of chronic
wasting disease (CWD) in elk and white-tailed deer (WTD) (2002 – 2017) (n=467).
Clinical Status
Preclinical
Staining grade

Clinical

Elk

WTD

Elk

WTD

Total

0

34 (17%)

67 (30%)

0 (0%)

0 (0%)

101 (22%)

1

44 (21%)

73 (33%)

0 (0%)

0 (0%)

117 (25%)

2

38 (18%)

53 (24%)

1 (5%)

1 (5%)

93 (20%)

3

40 (19%)

20 (9%)

7 (37%)

16 (76%)

83 (18%)

4

50 (24%)

8 (4%)

11 (58%)

4 (19%)

73 (16%)

206

221

19

21

467

Total
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3.4.1.2 Genotype
Among the 5,249 animals tested for CWD, genotypes were available for 289 positive elk
and WTD cases. Of these animals, 53% (154/289) were elk, of which; 88% (135/154) were
homozygous for the 132M genotype, and the remaining 12% (19/154) were heterozygous for the
132M and 132L genotype. White-tailed deer were predominantly 96GG genotype (51%, 69/135),
followed by 96GS and 96SS at 43% (58/135) and 6% (8/135), respectively.
Age of animals at the time of detection with corresponding genotype data was available
for 219 animals. The median age of 3 years for elk with 132MM (n=126) and 132ML (n=13)
genotypes was calculated. The median age at the time of CWD detection for 132MM individuals
was 2 years; and 3 years for 132ML (Figure 3.4). The median age of WTD in 96GG, 96GS and
96SS individuals was 2 years (n=34), 2 years (n=39), and 5 years (n=7), respectively. The
median age at the time of CWD detection for 96GG, 96GS, and 96SS individuals was 2, 2 and 5
years, respectively (Figure 3.5).
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Figure 3.4. Age at which chronic wasting disease (CWD) detection by genotype at codon 132 (elk)
(n=139).
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Figure 3.5. Age at which chronic wasting disease (CWD) detection by genotype at codon 96 (white-tailed
deer, WTD) (n=80).
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3.4.2 Animal risk factors
Of the farmed cervids that tested positive for CWD throughout the review period, 66%
(588/871) were WTD, while the remaining 34% (283/871) were elk. A total of 2,816 resident,
trace-out and trace-in WTD ³ 12 months of age were tested for CWD, and 588 were CWDpositive, with a median of five infected WTD per farm (range 1 – 185 animals). A total of 4,405
elk were tested, and 283 individuals were CWD positive with a median of four infected animals
per farm (range 1 – 94 animals).
For elk, females (10%, 140/1426) had a greater risk of being diagnosed with CWD than
males (6%, 133/2313), with a risk ratio (RR) of 1.7 (p < 0.0001, 95% CI [1.4, 2.1]). Whereas
WTD males (26%, 290/1096) had a greater risk than females (20%, 231/1183) of being
diagnosed with CWD (RR = 1.4; p = 0.0001, 95% CI [1.2, 1.6]).
Median age of CWD-positive animals in depopulated herds was 2 years of age for both
elk (95% CI [1.6, 2.5]) and WTD (95% CI [1.76, 2.24]). In addition, a small number of animals
< 12 m of age were tested, and CWD was detected in 14% (28/197) of WTD and 3% (4/128) of
elk. However, the vast majority of animals < 12 months of age were not tested.
3.4.3 Point and period prevalence of disease
Period and point depopulation prevalence of transmitted CWD were each calculated for
49 of the 56 infected farms. Wide ranges in prevalence were observed for both calculations. The
period prevalence of transmitted CWD ranged from 0% (seven farms) to 85.7% (one farm), and
on 49 farms where transmission occurred, the median value was 3.9%. The point depopulation
prevalence of CWD ranged from 0% on farms where CWD-positive animals were only detected
prior to the depopulation event (20 farms, with four farms being mixed species with a 0%
prevalence in one species and > 0% prevalence in other species) to 83.7% (one farm). The
median point depopulation prevalence was 2.6%. In addition, five of the farms used to calculate
the point prevalence had tested at least one animal < 12 months of age during a depopulation
event. When these animals were included in the calculation, there was no change in the point
prevalence value.
3.4.4 Animal movements and movement events
From 2002 – 2017, there were numerous movement events (Figure 3.6). Movement
events with individuals onto new farms (immigration) occurred more frequently than animal
movement off farms (emigration). During the study time period, SK farms averaged 32
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immigration movement events per year, with a peak of 76 movement events in 2007 (Figure 3.7).
There was an average of nine immigration events (range 0 – 74) per individual case farm. From
2014 – 2016, there was an observable decrease in the number of movement events (both
immigration and emigration) compared to the earlier years of animal movements. During the 16year period, there were 13 years where the movement of an animal onto a farm involved at least
one individual where CWD was subsequently detected, 10 years that involved at least one CWDpositive animal moved off an infected farm and two years with no movements involving CWDpositive animal(s) (Figure 3.7).
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7/6/09

7/6/10

7/6/11

7/5/12

7/5/13

7/5/14

7/5/15

Figure 3.6. Example of movement events onto and off an individual Saskatchewan infected farm 60 months prior to chronic wasting disease
(CWD) laboratory confirmation (n=62). Data are dates of individual movement events. For clarity, immigration (grey circle) and emigration (black
circle) movement events are represented, along with movement of at least one positive CWD animal (red circle), laboratory confirmation date
(blue circle), and depopulation date (green circle). Individual vertical lines indicate a movement event and do not represent the number of animals
moved. Note: the initial positive CWD animal (4/21/11) was found through prior epidemiological investigations related to trace movements and
identified as a likely source of disease transmission.
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Figure 3.7. Total number of movement events on Saskatchewan cervid farms (2002 – 2017) (n = 891).
For clarity, asterisks (*) indicate a movement event, either onto or off a farm where chronic wasting
disease (CWD) was subsequently detected in at least one animal.
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3.4.5 Exposure risk factors
For 84% (47/56) of the case farms, a likely source of CWD transmission was determined.
In 32% (15/47) of case farms, introduction of CWD could be linked to movement of one or more
infected animals onto the farm (off-farm transmission) (Figure 3.8). In 68% (32/47) of farms,
infected animals were either born on the farm or acquired from a farm with no CWD outbreak
within the 60 months prior to disease confirmation, and there was no immigration of cervids
recorded with unknown CWD status. Therefore, introduction of CWD had to have occurred by
means other than through the movement of infected animals (within-farm transmission). Reports
of fencing breaks, escaped individual farmed animals, contact with wildlife, heavily
contaminated feed (i.e., contaminated with wild cervid feces), and restocking of animals onto
previously CWD infected farm locations were all previously noted risks associated with these
farms. In the remaining 16% (9/56) of farms, the source of CWD introduction is unclear as
animals in movement events were either not tested, target tissue not available for testing, testing
results missing, movement permits missing, or farms had a history of moving animals without
permits.
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Figure 3.8. Off-farm transmission (n=15), within-farm transmission (n=32) and uncertain transmission
(n=9) sources of chronic wasting disease (CWD) on Saskatchewan cervid farms (2002 – 2017).
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Of the within-farm transmission, 59% (19/32) of farms were elk, 34% (11/32) were
WTD, and 6% (2/32) were mixed species. The off-farm transmissions were likely the result of
trace-in exposure; three were elk, eight WTD and four mixed-species farms. The number of
infected animals in movement events that introduced CWD onto a farm ranged from 1 to 6
animals. In addition, nine farms had previous CWD outbreaks; four of those occurred during the
initial evaluation period, while the remaining initial outbreak sources were linked to off-farm
transmission (3/9) or within-farm transmission (2/9). The source of the repeat outbreaks could be
linked to within-farm transmission (3/9), off-farm transmission (3/9) or uncertain sources (3/9).
Within the provided data, several animals (both those moved onto new premises and
resident animals) were lost to detection and may have altered the true resident transmission. An
average of 20 animals per farm were lost to detection (range 0 to 200 animals) for reasons
including: predation, target-tissue not identified, tissue unsuitable for testing, freezer
malfunction, missing animals, or “unknown.”
3.4.6 Farm compliance and management limitations
The reporting of CWD throughout 2002 – 2017 highlighted areas of data and
management limitations. Of the 56 case farms, 25% (14/56) were non-compliant for CWD
testing with one or more known animal carcasses. Notations associated with herd records
through yearly assessments and at the time of depopulation classified 14% (8/56) of case farms
as having non-compliant, poor, or fair records. These records included animal birth records,
animal death records and movement events (onto and off farms). Known wildlife contact and
incursions with farmed animals were reported for 20% (11/56) of farms; also, 9% (5/56) of case
farms reported the escape of at least one animal from the premise with all but one infected farm
having recaptured the particular animal(s).
Of the 56 case farms, 14% (8/56) were involved in the VHCP. Designations of farms
involved in the program ranged from Level E to Certified based on the requirements and
objectives of the program during the review period. None of the voluntarily enrolled case farms
had a prior CWD outbreak on their premises. In 88% (7/8) of farms enrolled in the VHCP,
within-farm transmission was the source of CWD introduction. The outbreak source for the
remaining farm could be linked to off-farm transmission.
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3.5 DISCUSSION
3.5.1 CWD in place and time
The epidemic curves (Figures 3.2 and 3.3) and results from the total number of
movement events of SK cervid farms (Figure 3.7) highlight that CWD in farms and animals was
confirmed in most years. The epidemic curves suggest that exposure to CWD for elk and WTD
has been prolonged and continuous over the review period and that the disease has been
regularly detected in SK farms. Based on these curves, it is plausible that CWD had become
established in SK by the early 2000s. In 2003 and 2005, there were no new infected farms
reported, and from 2003 – 2005, there was no detection of CWD in animals eradicated through
means of depopulation events in SK. From 2008 – 2017, the number of confirmed infected farms
per year had decreased and remained relatively unchanged. However, although the number of
infected farms remained relatively unchanged following 2007, there were large fluctuations in
the number of infected individuals. CWD is known to have prolonged incubation periods in
which no clinical signs are observed. Given this, in combination with the intermittent testing and
long periods between suspect animal deaths and testing and confirmation, it is apparent that
animals were infected prior to a farm’s period of relative case stability.
3.5.2 Disease confirmation
3.5.2.1 Immunohistochemical
In our review, higher grades of IHC staining were associated with the noted presence of
CWD clinical signs. This correlation was similarly described in the previous SK CWD review in
elk (Argue et al., 2007). In the initial review the degree of IHC staining was graded on a different
scale that ranged from 1 to 3: Grade 1 (mild); Grade 2 (moderate); and Grade 3 (marked) (Argue
et al., 2007). Although the grading scheme differed between the two reviews, the relationship of
higher grades of IHC staining and the presence of clinical signs was consistent. Most animals
with positive IHC staining in our review were classified as preclinical, confirming that reliance
solely on the detection of animals with observable CWD-associated clinical signs is not a
sufficient means for early detection. The distribution and accumulation of infectious prions vary
depending on species (Race et al., 2007), and in our review, clinical signs of CWD were
observed at lower IHC grades in WTD than in elk.
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3.5.2.2 Genotype
In elk and WTD, genotypes at codons 132 and 96, respectively, have been shown to
affect the length of the incubation period (United States Department of Agriculture, 2020). Elk
and WTD with 132MM and 96GG genotypes, respectively, were more frequently positive for
CWD suggesting they are more susceptible to infection. Previous research has demonstrated that
the MM genotype in wild and farmed elk is most susceptible to infection (Haley et al., 2020;
United States Department of Agriculture, 2020) and develops clinical signs as early as 23 mo
post-inoculation (Hamir et al., 2006). In WTD populations, both the 96GS and 96SS genotypes
are underrepresented in infected animals and are associated with longer incubation periods
(Johnson et al., 2006; Race et al., 2011), suggesting that the 96S allele provides an inhibitory
effect when coexpressed with 96G (Race et al., 2011). The 132ML and 96SS genotypes were
less frequently expressed in CWD-positive animals for this review and may suggest that they
may provide some level of disease resistance. The replacement and selection of animals with
resistant genotypes for captive-raised cervids may offer an opportunity to significantly reduce
CWD incidence in SK farmed cervids.
The limited genotype data for SK farmed elk and WTD species prevented us from
drawing conclusions regarding susceptibility of various genotypes. For example, there were no
genotypes recorded for one farm with 73% (201/276) CWD prevalence.
3.5.3 Animal features
Male WTD were at greater risk of contracting CWD than female WTD. Similar findings
have been reported for free-ranging cervids (Grear et al., 2006; Miller et al., 2000; Miller &
Conner, 2005). Social behaviour of males, including social interaction, increased contact rate,
and fighting with other animals, explains the greater prevalence of disease among males than
females. In addition, many of the large WTD farms operate as hunt farms where selection for
prize males creates a skewed gender demographic. For elk in our review, contradictory to
reported studies, females had a greater risk of CWD detection than males. The increased risk
seen in female elk in this study probably reflects CWD’s prolonged incubation time combined
with the greater median age of females per farm as they are not culled or hunted as young as
male individuals, leading to a greater probability of infection with increased age. In addition, the
risk of CWD diagnosis per sex in elk from our review differs from the initial epidemiological
review in which females were at no greater risk than males (Argue et al., 2007).
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In elk and WTD, clinical CWD has been reported to occur most frequently in animals
between two and eight years of age (Miller et al., 1998; Spraker et al., 1997; Williams & Miller,
2002). The median age calculated in elk and WTD cases for those found dead, slaughtered or
culled in depopulation or hunt-out events, observed in our review, is consistent with those
published findings and the initial evaluation of CWD in SK elk farms. The young median age of
CWD detection, in addition to the prolonged incubation period in elk and WTD, indicates that
animals on farms are exposed and infected at a young age.
3.5.4 Animal movements
Introduction and transmission of disease onto susceptible farms through anthropogenic
movement of animals is well documented and highlights the important risks of movement events,
resulting in disease transmission between farms (Lentz et al., 2016). This study found that the
introduction of animals onto new farms was numerous; however, a decrease in movement events
from 2014 – 2016 may be explained by a large exit of producers from the industry and remaining
producers tending to not breeding animals due to low market value (Alex McIsaac, CFIA,
personal communication, 2020). Therefore, the combination of slow population growth and
decreased demand was reflected in the movement of animals among SK cervid farms during that
time period.
A significant difference between the two reviews related to the transmission of CWD on
SK farms. In the initial review, the introduction of animals that subsequently exhibited clinical
signs, died or tested positive at depopulation was a significant risk factor for CWD transmission.
Contrary to the initial evaluation, movement events (off-farm transmission sources) in this study
did not play a predominant role in the spread of CWD to farms. The majority of cases were
likely due to within-farm transmission sources.
Hypothesized sources for the within-farm transmission cases are similar to previously
reported studies, including consumption of contaminated feed (Miller et al., 2004), contact with
wild cervids (Kahn et al., 2004), bird feces (Fischer et al., 2013) and environmental sources
(Bartelt-Hunt & Bartz, 2013; Miller et al., 2004). Thus, it is plausible that infective prions
remained within the environment at previously infected farms, even following decontamination
protocols allowing for subsequent within-herd transmission of CWD of the restocked herd. Casecontrol studies on sheep management and the risk of scrapie infection suggest larger herd
populations, purchasing of replacement sheep through market, compost application on land, and
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placental disposal in compost (Healy et al., 2004) are associated with increased odds of scrapie
in sheep. Assessment of elk or WTD farm management practices as the most likely within-farm
transmission sources requires further investigation.
Off-farm transmission sources, including the movement of sub-clinically infected animals
onto susceptible farms, was still a source of CWD introduction for both elk and WTD species.
Subclinical states of infection are often prolonged in infected animals and frequently go
undetected prior to movements, which presents opportunity for spread among susceptible
animals once moved onto a new premise, as demonstrated in farmed cervids in Minnesota
(Makau et al., 2020). It is possible that the movement of animals with undetermined/nondocumented CWD status may have been a potential source of transmission and, therefore, cannot
be ruled out as a likely trace-in source of infection.
3.5.5 Farm risk factor
Once excreted in the environment, prions are known to persist for prolonged periods of
time (Bartelt-Hunt & Bartz, 2013; Georgsson et al., 2006) even following mandatory quarantine
and depopulation efforts. In the repeatedly infected farms linked to within-farm CWD
transmission source(s), it is likely that following quarantine and depopulation, infectious prions
remained in these locations and facilitated infection of the restocked herd. These findings differ
from those of the initial evaluation of CWD on SK farms, as an environmental source of CWD
was not suspected. Since the initial evaluation, the source of CWD transmission, management
programs and increased occurrence of disease in wildlife highlight a change in risk factors. The
environmental persistence of prions has been well documented in methods to eradicate scrapie in
positive farms, including culling of infected and at-risk animals, disinfection and destruction of
buildings, elimination of animal(s) and equipment movement from positive farms, the
requirement of at least two years of quarantine before restocking and continued surveillance
(Georgsson et al., 2006; Zabel & Ortega, 2017). However, after 16 years, reintroduced sheep
have developed clinical scrapie. Since these animals had been scrapie-free through several
generations, environmental sources of the scrapie-prions were the likely cause of the disease
(Georgsson et al., 2006; Zabel & Ortega, 2017).
In addition, farms enrolled in the VHCP are designated as having a lower risk of CWD;
however, there is no CWD-free certification for cervid farms. Despite management programs put
into place, there continued to be a spread of CWD amongst enrolled farms.
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3.5.6 Point and period prevalence of disease
Comparing the 2002 – 2017 time period review to the previous review highlighted a
change in the period prevalence of transmitted CWD and emphasized consistent trends within
SK cervid farms. Median period prevalence of transmitted CWD was slightly lower compared to
findings by Argue et al. (2007), who observed a prevalence of 4.4%. . Initial efforts to eradicate
CWD in farmed cervid populations were not successful. In addition, the relatively similar period
prevalence values suggests that management practices put in place during the time period of
interest to mitigate disease and its spread had a minimal effect.
Prevalence was observed to be influenced by both biotic and abiotic factors.
Geographically, the number of infected farms varied within regions of the province. These
endemic regions within the province reflect previous research suggesting that variations in
prevalence of disease outbreaks reflect ongoing ecological processes and pathways of disease
spread (Conner & Miller, 2004). Previous studies have found that CWD prevalence within North
America varies greatly depending on region, reaching 30% for free-ranging populations
(Williams, 2005) and as high as 80% – 90% in captive populations (Haley & Hoover, 2015).
These endemic regions are also associated with more wildlife CWD cases, suggesting that
wildlife incursions may facilitate disease transmission.
The transmission of CWD from infected doe to full-term viable and non-viable offspring,
as well as in-utero fetuses, has been demonstrated by Nalls et al. (2013). Currently, CWD tests
officially approved by the CFIA are intended for surveillance purposes and are not sensitive
enough to detect very early infections, which would be the most common stage of infection in
animals < 12 mo (Government of Canada, 2020). Since the majority of animals < 12 months of
age were not tested, an underestimated period and point prevalence of CWD cannot be ruled out.
Similar to Argue et al. (2007), it is difficult to conclude if these animals were infected and would
have subsequently contributed to disease transmission with time.

3.6. CONCLUSIONS
This review found that since the original investigative period of CWD within SK, the
primary source of disease transmission for farmed cervids had shifted from off-farm sources (i.e.
movement events of animals onto new farms) to within-farm sources. However, off-farm
transmission sources continued to present a significant risk. The determination of the particular

41

within-farm source cannot be made definitively. Still, hypothesized sources may include
consumption of contaminated feed (Miller et al., 2004), contact with wild cervids (Kahn et al.,
2004), bird feces (Fischer et al., 2013) and environmental sources (Bartelt-Hunt & Bartz, 2013;
Miller et al., 2004). To understand the significance of these new findings, further investigations
are required to identify the relative importance of within-farm sources.
This review also found that the prevalence of disease remained relatively similar to the
initial epidemiological investigation as it decreased only by 0.5%. Detection of disease in
animals continues to follow a similar demographic as noted in the initial review for elk and
infected WTD data is similar to other published findings (Grear et al., 2006; Miller et al., 1998,
2000; Miller & Conner, 2005; Spraker et al., 1997; Williams & Miller, 2002). Currently, CFIA’s
testing protocol is for the detection of CWD in animals greater than 12 mo of age. Tests
officially approved by the agency are intended for surveillance purposes. They are not sensitive
enough to detect very early infections, which would be the most common stage of infection in
animals < 12 mo of age. However, given that the data identified multiple CWD-positive WTD
and elk calves, re-evaluating the current testing protocols may be necessary.
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4.0 QUANTITATIVE RISK ASSESSMENT FOR THE INTRODUCTION
OF CHRONIC WASTING DISEASE VIA CAPTIVE WHITE-TAILED
DEER (ODOCOILEUS VIRGINIANUS) AND ELK (CERVUS CANADENSIS)
MOVEMENTS ON SASKATCHEWAN CERVID FARMS

4.1 ABSTRACT
Chronic wasting disease was first detected in Saskatchewan farmed cervids in 1996, and
the source of transmission was linked to the importation of infected elk. The movement of
infected animals between farms has contributed to the initial spread of disease throughout the
province. A quantitative risk assessment was developed to determine the probability of at least
one infected white-tailed deer or elk in a movement event dependent on the farm's location
within the province. It was determined that the risk of an infected animal being present in a
movement event was dependent on the animal's geographic location, sex, and age. Assuming an
animal does not show any clinical signs associated with disease prior to the movement event,
there was a greater mean probability of at least one infected white-tailed deer (4.80%) being
involved in a movement event compared to elk (3.22%) for the province as a whole. Regional
provincial quadrants Q1 (central west) and Q2 (central east) had the greatest mean probabilities
for at least one infected white-tailed deer and elk involved in a movement event. In contrast, Q4
(southeast) had the lowest probability for both species. Province-wide, WTD farm prevalence of
disease posed the greatest risk for introducing CWD onto WTD farms while moving male elk <
70 months (median age of CWD detection for male elk) posed the greatest risk for spread among
elk farms.
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4.2 INTRODUCTION
Chronic wasting disease (CWD) is a fatal neurodegenerative disease that affects freeranging and farmed cervids. Chronic wasting disease, along with bovine spongiform
encephalopathy (BSE), scrapie in sheep and transmissible mink encephalopathy (TME), are a
group of diseases identified as transmissible spongiform encephalopathies (TSE), also known as
prion diseases. The infectious agent in prion diseases are pathogenic misfolded prion proteins
(PrPSc) that can induce misfolding and aggregation of normal cellular prion proteins in
susceptible hosts (Sigurdson & Aguilar-Calvo, 2019). Normal cellular prion proteins (PrPC) are
small, cell-surface glycoproteins encoded by the prion protein gene (PRNP) (Bueler et al., 1993;
Castle & Gill, 2017) and are highly expressed in the central nervous system (CNS).
Chronic wasting disease is highly transmissible between cervids, and over a period of
months to years, the infective prions accumulate in the CNS and lymphatic tissues, including
tonsils, lymph nodes, and Peyer’s patches (Sigurdson et al., 1999, 2001). Transmission between
individuals can occur via horizontal, environmental and vertical routes. Horizontal spread
through bodily fluids (blood, saliva, urine) and feces is the primary method of transmission. In
addition, shedding of infectious prions directly into the environment can contaminate grazing
areas and water sources (Sigurdson & Aguilar-Calvo, 2019). Previous research has suggested
CWD may be transmitted via grooming interactions, communal water sources and feeding areas
through infectious prions, especially when and where animals are known to co-mingle (i.e.,
breeding season, baiting sites, farmed/captive grounds, and in low predation situations)
(Mathiason et al., 2009). Vertical transmission to offspring and in-utero transmission have also
been demonstrated for prion-infected sheep, goats, and deer (Gough & Maddison, 2010; Nalls et
al., 2013).
Initial clinical signs of CWD may include, but are not limited to: weight loss, behavioural
abnormalities, polyuria, polydipsia, ataxia, hypersalivation, esophageal dilatation and
regurgitation (Williams & Miller, 2002; Williams, 2005) and retention of winter coat (Argue et
al., 2007), but are variable as infected animals experience a subclinical incubation period
following exposure. The incubation period, which is the time period between exposure to the
onset of clinical signs (Uehlinger et al., 2016), is dependent on several factors, including species,
genotype, location and route of infection.
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Chronic wasting disease in Canada was confirmed in a Saskatchewan (SK) farmed elk
herd in 1996 and was thought to be transmitted through the importation of animals from the
United States, and in 2000 was detected in a wild SK mule deer. Since CWD was first
recognized, the disease has been detected in farmed/captive cervids and free-ranging cervids. As
of January 2022, CWD has been detected in wild cervids in at least 27 states in the continental
United States (Centers for Disease Control and Prevention, 2022) and three Canadian provinces.
The movement of animals onto farms is a significant risk factor for the transfer of disease to
previously unaffected farms as it offers opportunities for co-mingling of animals and direct
animal-to-animal contact. The movement of subclinical animals onto new farms can act as a
source of disease transmission (Rorres et al., 2018). As researched by Makau et al. (2020), longdistance trade movements have been found to present risks associated with the spread of CWD in
Minnesota. In addition, the transmission of disease from infected free-ranging deer to captive
deer along fence lines and the continual shipment of deer between farms present a potential for
undetected introduction and disease spread among farms (Rorres et al., 2018). Argue et al.
(2007) concluded that from 1997 – 2002 the introduction of subclinically infected animals onto
uninfected SK was a significant risk factor for disease spread. Animals often subsequently
displayed clinical signs of CWD on the new farms.
Transportation of animals with unknown infection status to and from multiple farms provides
an opportunity for co-mingling of animals and direct animal-to-animal contact, leading to an
increased risk for the transmission and spread of CWD. Farms that move animals with unknown
CWD status onto their premises have an increased risk of becoming an infected case farm and
may contribute to the continued prevalence of disease within SK. Our objectives of this study
were to (1) determine the animal level risk probability of disease for elk and WTD based on
variables such as sex and age; (2) determine the farm level risk probability of disease for elk and
WTD farms based on variables such as geographic location, proportion of elk vs WTD and farm
prevalence; and (3) based on the animal and farm level risk probabilities calculate the likelihood
that there is at least one CWD infected animal (elk, WTD or both) in the shipment (“movement
event”) for a specific region of interest. This study contributes to our understanding of the impact
of CWD transmission within SK through the immigration and emigration movements of farmed
cervids with unknown CWD status.
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4.3 Materials and Methods
This secondary data analysis was conducted using data from Chapter 3 of this thesis,
“Descriptive Epidemiology of Chronic Wasting Disease in Saskatchewan Cervid Farms”.
Calculations used CWD-status of farms from 2002 through 2017.
4.3.1 Sources of Data
Data used in this study was collected by the CFIA investigating CWD on cervid farms
and by the Ministry of Agriculture monitoring cervid movements, testing, and farm and animal
features from depopulation events and submission of individual animals. Provided data consisted
of information gathered via telephone, electronic mail, fax and paper copies, all of which were
tabulated using Microsoft Excel, version 16.16.5. A CWD-positive case farm was defined as any
farm with one or more laboratory-confirmed CWD animal(s) and subsequently underwent an
eradication process (i.e. depopulation or hunt-out).
Based on the data provided, there was a total of 269 WTD and elk farms within the
province that had an active operator status during the period of interest. Case farms comprised
21% (56/269) of the farms and included 26 elk-only farms, 21 WTD-only farms, and nine mixed
cervid species farms. With the assumption that management and movements were separated by
species, these mixed farms were included in the farm numbers for a given quadrant and the
province as a whole for elk and WTD separately with a designated CWD status for each entry
(i.e. one mixed farm = one elk farm and one WTD farm, designated as positive only if the
subgroup had a positive animal) (Table 4.1). Negative farm (i.e. farms with no CWD detection)
information and numbers were collected for representation of movement of animals within the
province.
South of the 55th parallel north, the province was divided into four approximately equalsized quadrants: central west (Q1, Quadrant 1), central east (Q2, Quadrant 2), southwest (Q3,
Quadrant 3) and southeast (Q4, Quadrant 4) (Figure 4.1), and counts of CWD-positive and
CWD-negative farms were recorded.
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Table 4.1. Total farms by region, species, chronic wasting disease (CWD)-status and final farm numbers by species for risk analysis of
Saskatchewan cervid farms from 2002 – 2017.
Elk Farms

WTD Farms

Mixed Farms

Total Risk Analysis Farms

Region

Positive

Total

Positive

Total

Positive (species)

Totala

Elk

WTD

Q1

15

62

14

36

4 (2 elk; 4 WTD)

22

84

58

Q2

13

42

10

25

4 (2 elk; 2 WTD)

1

43

26

Q3

1

12

1

5

0

2

14

7

Q4

3

39

2

17

1 (1 elk; 1 WTD)

9

48

26

Total

32

155

27

83

9 (5 elk; 7 WTD)

34

189

117

Abbreviations: CWD = chronic wasting disease; Q1 = Quadrant 1; Q2 = Quadrant 2; Q3 = Quadrant 3; Q4 = Quadrant 4; and WTD = white-tailed deer
a
Total Mixed Farms value is applied to each elk and WTD total farms per region to calculate the Total Risk Analysis Farms value
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Figure 4.1. Geographical distribution of chronic wasting disease (CWD) confirmed positive elk, whitetailed deer (WTD) and mixed species (elk and WTD) case farms per quadrant from 2002 – 2017 (n=56).
Abbreviations: Q1 = Quadrant 1(central west); Q2 = Quadrant 2 (central east); Q3 = Quadrant 3 (southwest); and Q4
= Quadrant 4 (southeast)
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4.3.2 Model pathway
A scenario tree was constructed using the animal level variables to estimate the risk of an
animal being infected with CWD (Figure 4.2). The risk estimate was constructed for each
species, quadrant and province as a whole. At the time of the movement event, it was assumed
that any CWD-infected animal was asymptomatic and did not display any clinical signs. The
presence of one or more clinical signs, such as anorexia, emaciation, hypersalivation, or
behavioural abnormalities, would result in an animal being removed from the farm and submitted
for CWD testing; if positive, the farm would have been placed under quarantine. It was assumed
that species were not mixed (i.e. remained separated) in their management, including housing,
feeding and transportation (“movement event”).
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Probability of an
animal being
male or female
on a farm

Probability of
animal within
age category

Probability of
being infected
given the age
category

Probability of an
infected animal
given the
conditional
probabilities

≥ median age
of infected

Prevalence of
CWD infected

Outcome

< median age
of infected

Prevalence of
CWD infected

Outcome

Sex

Figure 4.2. Scenario tree of the animal risk level showing necessary steps for introduction of chronic
wasting disease (CWD) to a susceptible farm through entry of live infected animal(s).
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4.3.3 Model Probabilities
Model probabilities were divided between farm and animal variables. Farm variables
included the quadrant location, whether the farm was CWD-positive, and the species present on
the farm. Only a limited number of available animal variables were used in the risk model; these
included sex (male or female) and age.
4.3.3.1 Animal level probability
The probability of male and female animals for each quadrant and province, regardless of
CWD-status, was calculated. The probability of an animal being younger than, equal-to or older
than the median age of CWD detection was calculated and applied to the specific sex and species
grouping. Median value data imputation was used to replace missing age values of CWDnegative confirmed laboratory results for male and female WTD and elk.
All observations with missing values (with the exception of age) were excluded from
the calculations and risk modeling. Accounting for sex and age, the probability of an infected
animal was calculated for elk and WTD separately to include differences in CWD-prevalence
found in Chapter 3.
4.3.3.2 Farm level probability
The number of infected elk and WTD case farms and negative case farms were counted
for each quadrant and the province as a whole and used to calculate the probability of a CWD
infected farm for the geographic region of interest. It was assumed that farms within each region
were active and representative for the entire period of interest. The probability that a farm was an
elk or WTD farm within the given location of interest was calculated, and assuming that all
suspect CWD cases on farms were submitted for testing, the total number of case farms in SK
from 2002 – 2017 was 56. This number was further expanded to 59 when mixed farm subgroups
were included: 32 elk farms and 27 WTD farms. The probability that a given elk or WTD farm
was infected was calculated using the CWD-status of the farm within the region of interest.
4.3.3.3 Overall risk probability
Based on the combined conditional probabilities of each step occurring within the
pathway an overall risk assessment was calculated. The model was run for elk and WTD within
each quadrant and the province as a whole and assumed to occur with the given probabilities.
The uncertainties associated with these probabilities were modeled.
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4.3.4 Estimation of Risk
The minimum and maximum farm herd size for each quadrant was calculated for case
farms based on the herd size at the time of depopulation (Table 4.2). A uniform distribution was
applied to the farm herd size data to assign equal probability to all values between the minimum
and maximum. Shipment information was available for 75% (42/56) of case farms and was used
to calculate the minimum, median, and maximum number of known animals involved in a single
movement event within the province (Table 4.3). These values were based on the overall
combined shipping numbers from 2014 – 2017 for elk and WTD combined. The four-year period
was used based on decreased movement events within the industry as previously described in
Chapter 2. A pert distribution was applied to the number of animals in the calculated movement
event.
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Table 4.2. Minimum, median and maximum combined herd sizes for captive white-tailed deer (WTD)
and elk by quadrant and province for Saskatchewan chronic wasting disease case farms from 2002 –2017.
Location

Minimum Herd

Median Herd

Maximum Herd Size

Size

Size

Q1

4

85

564

Q2

2

85

524

Q3

38

42

45

Q4

80

159

405

Province

2

85

564

Abbreviations: Q1 = Quadrant 1; Q2 = Quadrant 2; Q3 = Quadrant 3; Q4 = Quadrant 4; WTD = white-tailed deer
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Table 4.3 Minimum, median and maximum number of combined white-tailed deer (WTD) and elk from
Saskatchewan chronic wasting disease case farms involved in a single movement event from 2014 –2017.
Event

Single movement event

Minimum

Median

Maximum

Herd Size

Herd Size

Herd Size

1

1

17

54

The probability of at least one CWD infected animal in a shipment was calculated for the
province and each quadrant by using the Microsoft Excel (version 16.16.27) hypergeometric
distribution function to account for clustering (i.e. animals from a herd):
= 1 − $%&'()'*+. -./0(2, 4, 5, 6, 789/' )

(4.1)

where:
x = the number of CWD infected animals in the movement event (0);
n = the number of animals in the movement event;
k = the number of CWD infected animals in the population. Calculated by multiplying the
combined scenario tree animal risk probability outcome by the farm herd size;
m = the farm herd size, and;
cumulative = FALSE (0).
Given this, the probability of at least one CWD infected elk or WTD on a movement
event was determined for each quadrant and the province as a whole using the following
equation:
= 1 − $%&'()'*+. -./0(2, 4, 5, 6, 789/' ) ∗ & (=4>?@A?B ?D5 EF G0- >HF6)

(4.2)

4.3.3 Risk modeling
A spreadsheet add-in program (version 6.1.82, ModelRisk, Vose software, Belgium) was
used to simulate the model based on the conditional probabilities. Monte Carlo simulation of the
model was performed to account for the uncertainty of the parameters used to calculate the
probability of detecting at least one infected animal on a shipment within a specific quadrant or
province as a whole; 10,000 iterations were performed for each simulation. On each iteration, the
software sampled values from each probability distribution and combined them in the model.
Ascending cumulative probability plots for at least one CWD-infected WTD or elk per
quadrant was created to graphically represent the risk associated with each geographic region of
interest. Tornado plots were constructed for WTD and elk within Quadrant 1 and the province as
a whole to compare the effects of variables on the likelihood of having an infected animal on a
shipment. Quadrant 1 was chosen as it was the region with the greatest number of total farms and
greatest number of case farms.
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4.4 RESULTS
There were 56 case farms detected in SK from 2002 – 2017. When mixed species
subgroup case farms were included in the total farm numbers for a given quadrant the number
increased to 59. Approximately half of case farms were located in Q1 (29/59), followed by Q2
(23/59), Q4 (5/59) and then Q3 (2/59). The probability of a farm being designated as an infected
case farm varied within region (Table 4.4). There was a total of 247 negative farms including
sub-grouped mixed species farms. The distribution of negative farms per region followed a
similar pattern to that of case farms: the largest number of combined elk and WTD CWDnegative farms was observed within Q1 (113/247) and the smallest number was observed in Q3
(19/247). The probability of an elk and WTD farm being a case farm was greatest for Q2;
whereas, the lowest probabilities of case farms were calculated for both species in Q4. Detailed
data, including species, sex, age, date of birth, death date, cause of death, number of animals
tested, test results, and the geographic location of the farm were included in the supplied data set
for the case farms; however, limited CWD-negative farm data included the geographic location,
species, sex, and number of animals tested. Herd sizes of case farms varied depending on the
quadrant; Q4 had the largest median herd size with 159 while Q3 had the smallest with 42
animals.
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Table 4.4. Probability of elk and white-tailed deer (WTD) chronic wasting disease (CWD) case farms per
quadrant location within Saskatchewan and province as a whole from 2002 – 2017 (n=59).
WTD Case Farm

Combined Case Farma

Location

Elk Case Farm

Q1

0.1786

0.2414

0.2042

Q2

0.3023

0.3846

0.3333

Q3

0.0714

0.1429

0.0952

Q4

0.0625

0.0769

0.0677

Province

0.1693

0.2308

0.1928

a

Combined probability for elk and white-tailed deer
Abbreviations: CWD = chronic wasting disease; Q1 = Quadrant 1; Q2 = Quadrant 2; Q3 = Quadrant 3; Q4 =
Quadrant 4; and WTD = white-tailed deer
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The median age of CWD detection in female and male elk was 36 mo and 70 mo,
respectively. Of the available data, 43% (514/1209) of female elk and 54% (1027/1902) of male
elk were younger than the median age of CWD detection, and 57% (695/1209) and 46%
(875/1902) of female and male elk were older or equal to the median age, respectively. Median
age of CWD detection for female WTD was identical to that of female elk (36 mo), and male
WTD had the youngest median age of detection (24 mo). Just under half of the female WTD
(362/801) and 52% (329/692) of male WTD were younger than the median age of detection. A
total of 439 female and 363 male WTD were older than their respective median age of detection.
The transportation of animals with unknown infection status is known to be a risk for
spread of disease, and the probability of a movement event involving an infected elk or WTD is
dependent on the location, sex and species. The mean probability of at least one positive elk and
WTD in a shipment ranged from 1.55% – 7.36% and 0.11% – 14.9% throughout the four
quadrants, respectively (Table 4.5). The ascending cumulative probability graphs indicate that
Q4 had the lowest probability of an infected elk or WTD being involved in a movement event
(3.14% and 0.17%, 95th percentile, respectively) and Q1 and Q2 had the greatest probability for
WTD and elk, respectively (Figures 4.3 and 4.4). The combined probabilities of all quadrants for
each elk and WTD represented the outcome for the province. For the entire province, WTD had a
greater probability of having at least one infected animal on a movement event, compared to elk.
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Figure 4.3. Cumulative probability of at least one captive elk infected with chronic wasting disease
(CWD) involved in a movement event throughout different geographical regions of Saskatchewan.
Abbreviations: CWD = chronic wasting disease; Q1 = Quadrant 1(central west); Q2 = Quadrant 2 (central east); Q3
= Quadrant 3 (southwest); and Q4 = Quadrant 4 (southeast)
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Figure 4.4. Cumulative probability of at least one captive white-tailed deer (WTD) infected with chronic
wasting disease (CWD) involved in a movement event throughout different geographical regions of
Saskatchewan.
Abbreviations: CWD = chronic wasting disease; Q1 = Quadrant 1(central west); Q2 = Quadrant 2 (central east); Q3
= Quadrant 3 (southwest); Q4 = Quadrant 4 (southeast) and WTD = white-tailed deer
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Table 4.5. Probabilities of at least one chronic wasting disease (CWD) infected elk or white-tailed deer
(WTD) involved in a movement event within the Province of Saskatchewan as a whole, Quadrant 1,
Quadrant 2, Quadrant 3 and Quadrant 4 from 2002 – 2017.
Species

Location

5th Percentile

Mean

Median

95th Percentile

Elk
WTD
Elk
Elk
Elk
Elk
WTD
WTD
WTD
WTD

Province
Province
Q1
Q2
Q3
Q4
Q1
Q2
Q3
Q4

0.0139
0.0258
0.0135
0.0225
0.0050
0.0048
0.0642
0.0128
0.0012
0.0005

0.0322
0.0480
0.0437
0.0736
0.0168
0.0155
0.1490
0.0295
0.0028
0.0011

0.0303
0.0485
0.0396
0.0666
0.0149
0.0140
0.1500
0.0299
0.0028
0.0011

0.0566
0.0677
0.0889
0.1515
0.0355
0.0314
0.2247
0.0451
0.0043
0.0017

Abbreviations: CWD = chronic wasting disease; Q1 = Quadrant 1; Q2 = Quadrant 2; Q3 = Quadrant 3; Q4 =
Quadrant 4; and WTD = white-tailed deer.
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The risk of at least one infected animal being involved in a movement event within each
quadrant and province as a whole was influenced by multiple variables. However, the correlation
between the variables may explain the minimal variation. For elk in Q1, the input that
contributed the most to having at least one infected elk on a movement event was males ≥
median age of CWD detection (Figure 4.5). Results for WTD in Q1 were similar to that of elk:
males ≥ median age of CWD detection had the greatest contribution (Figure 4.6). In Q3 and Q4,
female elk ≥ median age of CWD detection were the greatest contributors, while male elk <
median age contributed the most in Q2. This is contrary to WTD where female and male WTD <
median age of CWD detection was noted as the greatest contributing input for Q3 and Q4 for at
least one infected WTD on a movement event, respectively. The WTD farm prevalence within
Q2 was the greatest contributor to risk. Results for the province as a whole for both elk and
WTD identified: WTD farm prevalence and male elk < median age of CWD detection as the
greatest contributors to risk (Figures 4.7 and 4.8).
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Figure 4.5. Tornado plot showing variability in the probability of an elk infected with chronic wasting
disease (CWD) on a shipment from Quadrant 1 within Saskatchewan.
Abbreviations: CWD = chronic wasting disease; and Q1 = Quadrant 1(central west)
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Figure 4.6. Tornado plot showing variability in the probability of a white-tailed deer (WTD) infected
with chronic wasting disease (CWD) involved in a movement event from Quadrant 1 within
Saskatchewan.
Abbreviations: CWD = chronic wasting disease; Q1 = Quadrant 1(central west); and WTD = white-tailed deer

64

Figure 4.7. Tornado plot showing variability in the probability of an elk infected with chronic wasting
disease (CWD) involved in a movement event from Saskatchewan.
Abbreviations: CWD = chronic wasting disease; and SK = Saskatchewan
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Figure 4.8. Tornado plot showing variability in the probability of a white-tailed deer (WTD) infected
with chronic wasting disease (CWD) involved in a movement event from Saskatchewan.
Abbreviations: CWD = chronic wasting disease; SK = Saskatchewan; and WTD = white-tailed deer
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4.5 DISCUSSION
This risk assessment was conducted to improve our understanding of the probability of
infected animal(s) being involved in movement events within the province based on the farm
demographic, disease epidemiology, and programs to mitigate the spread of disease during the
time period of 2002 – 2017. To our knowledge, this is the first study to conduct a quantitative
risk assessment on the probability of at least one CWD infected captive WTD or elk involved in
a movement event within the province of SK. Based on the results of this study, the risk of a
movement event including at least one infected animal was greater for WTD than elk for the
province as a whole. The quadrant and province estimates were influenced by the geographic
location of the farm, species, sex and age.
It was assumed that each farm and animal prior to detection of CWD had an equal
opportunity for an animal(s) to be involved in a movement event. The variation in farm type
carries its own risk in terms of the introduction and transmission of disease. Asymptomatically
infected animals moved onto farms for breeding or hunting present a subsequent risk for disease
transmission. These animals contribute to the spread of CWD as they accumulate the infectious
prions throughout the body, which are then shed into the environment (Otero et al., 2021). The
movement of animal(s) raised for meat is considered low risk as they are shipped directly to
slaughter (Ricci et al., 2017). Since first confirmed, the epidemiology of CWD within the
province of SK has resulted in the disease becoming enzootic, with the movement of animals for
farming purposes contributing to the long-distance spread of CWD (Miller & Fischer, 2016).
Our results indicate that the geographic location of farms contributes to the spread and
prevalence of CWD. Farms located in Q1 and Q2 regions of the province were associated with
the greatest density of farms as well as the highest prevalence of disease., and had an increased
probability of having at least one infected WTD or elk in a movement event. This is contrary to
Q4, which had the lowest probability. The differences in probabilities for the regions in this
study reflect the variation of CWD prevalence, distribution, number of farms and geographic
level of endemicity. Similar density distributions for positive wild CWD cases within SK have
been reported (Canadian Wildlife Health Cooperative, 2021): high CWD-positive wildlife case
numbers in Q1 and Q2 for the time frame of 2000 – 2016 and an increasing number of cases
from 2017 – 2018 within Q3. Large variations in the probability of a farm having CWD detected
on its premise were observed for the quadrants within the province. Observations of CWD
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prevalence in SK captive elk herds have previously been reported (Argue et al., 2007). More
recently, an epidemiological review on SK cervid herds from 2002 – 2017 found the median
prevalence of CWD on 56 farms where transmission occurred to be 3.9% (range 0% – 85.7%)
(Baker, 2022).
Throughout different quadrants, the risk analysis identified variations in each species' sex and
age risks. Several possibilities could explain this variation. Elk are primarily raised for the export
of antler velvet and breeding stock, while the primary market for WTD is the sale of adult male
bucks to trophy hunt locations and breeding stock. The nature of the cervid farm operation
dictates the sex and age of animals that reside on the premise and likely explains the variation of
age and sex between each species. Females are retained for more extended periods for breeding
purposes, while males are often sold, slaughtered or hunted at younger ages. This model suggests
that sex is a variable risk contributor for both elk and WTD throughout the province and could
influence the risk of at least one infected animal being involved in a movement event. The
probability of having at least one male WTD or elk in a movement event was greatest for the
province as a whole for both species. This is contrary to the calculated risk ratio of a recently
unpublished epidemiological review in which female elk had a greater CWD detection risk than
their male counterparts (Baker, 2022). Since age is known to be a variable risk factor for the
detection of CWD in cervids, the difference is likely explained by the evaluation methods of
each study: crude evaluation vs. stratified evaluation of risk, respectively. The results from the
stratified evaluation method identified age as a confounding factor.
The CWD epidemic in SK was initially linked to the introduction of an infected elk through
the importation of live animals (Williams & Miller, 2002), and the continued movement of
animals to new locations continued to be a source of transmission in the latest epidemiologic
review (Baker, 2022). It is well known that the commercial movement of asymptomatic animals
is associated with the geographic distribution of CWD in captive populations (Miller et al., 2000;
Williams & Miller, 2002). Various factors including, but not limited to, sex, age and species,
combined with a movement event, contribute to the efficiency of the CWD transmission cycle.
Based on the results of this assessment, the median probability of at least one CWD-infected
WTD or elk being involved in a movement event is less than 5% for each species for the
province as a whole. However, this assessment does not account for other interactions that may
influence the susceptibility of an animal or farm becoming CWD-positive. Interactions between
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multiple exposures and CWD transmission sources, including environmental, social behaviour,
and other biotic variables, are all possible risk factors not incorporated in this assessment.
Expanding the scope of the risk assessment model to assess potential additional variables such as
wildlife interaction, detailed information on movement events (i.e. distance of shipping, number
of farms receiving animals) and current management protocols for the introduction of new
animals would modify the outcome to understand additional components contributing to CWD
within SK.

4.6 CONCLUSIONS
Our results highlight the risks associated with at least one infected elk or WTD involved
in a movement event for farmed cervids in the province of SK. Given the range and variation in
the probabilities, the outcomes are dependent upon input variables such as geographic location,
species, sex and age. These findings increase our understanding of CWD within the province and
recognize the efforts needed for risk assessment and control of disease spread via human
facilitated movement of animals. However, it should be noted that our study did not consider the
evolution of management practices throughout the time period and should be considered in
future risk assessments.

69

5.0 GENERAL DISCUSSION
Chronic wasting disease is a fatal neurodegenerative disease of cervids and affects freeranging and farmed animals. CWD is listed as a federally reportable disease in Canada under the
Health of Animals Act. Since first detected in North America, CWD has spread unchecked in
free-ranging cervid populations, and in regions with high disease prevalence, population decline
has been observed (Edmunds et al., 2016). Adverse impacts from CWD within the cervid
industry have also been observed: loss of revenue from the decreased sale of venison, breeding
stock and trophy males for hunt farms. In addition, decreased or lack of access to markets,
industry requirements, decreased animal prices, and reduced demand due to public perception of
product safety have all negatively impacted the industry (Lazo et al., 2004).
Clinical signs of disease often vary between cervid species and individuals with more severe
signs, including behavioural alterations and poor body condition, which further deteriorates over
prolonged periods. Infected cervids are commonly between 3 and 8 years of age for both freeranging (Miller & Conner, 2005) and farmed animals (Miller & Wild, 2004), and the prevalence
of disease has been found to vary between sexes. In free-ranging cervids within endemic regions,
males are more frequently infected than females and are thought to be due to social behaviour. In
comparison, the variation in sex prevalence for farmed cervids is likely attributable to the type of
farm (i.e. breeding, hunt farm, meat).
To improve our understanding of the epidemiology of CWD in SK farmed cervids a
descriptive epidemiological review and the risks associated with the movement of captive
cervids was undertaken using data collected by the CFIA and the Saskatchewan Ministry of
Agriculture from 2002 – 2017 with the following objectives:
1. Compare and contrast the epidemiology of CWD in elk and WTD farms in SK
2. Compare sources of CWD introduction onto SK farms and the epidemiology of CWD in
SK elk farms to that of an initial evaluation period of 1996 – 2002
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3. Apply calculated descriptive epidemiology findings of CWD in SK from 2002 – 2017 to
conduct a risk assessment for CWD transmission through the movement of animals onto
susceptible farms.
In this study, the transmission of CWD on SK farms differed from that of the initial
evaluation period. In the initial review, the introduction of animals that subsequently exhibited
clinical signs died or tested positive at depopulation was a significant risk factor for CWD
transmission. Contrary to this, this study concluded that the majority of cases were due to withinin farm transmission sources. The consumption of contaminated feed (Miller et al., 2004),
contact with infected wild cervids (Kahn et al., 2004), or contact and indirect ingestion of bird
feces (Fischer et al., 2013) are all studied sources of disease transmission and may be likely
sources of within-farm transmission for SK cervid farms. Despite the differences identified
between the two evaluation periods, there were numerous similarities. In both reviews, clinical
animals continued to be associated with higher IHC grading. Argue et al. (2007) concluded that
the risk of prion shedding and transmission of disease increases with higher IHC grading.
Additionally, the median age of animals with clinical CWD was consistent with findings from
the initial evaluation of CWD in SK elk farms. Similar to other published results, the 132MM
and 96GG genotypes were predominant for CWD detected in elk and WTD, respectively.
Further, farm prevalence varied geographically with the majority of case farms occurring in
two endemic regions. After the initial confirmation of CWD in captive cervids almost three
decades ago, a small decrease in the median period prevalence of transmitted CWD was
calculate and several contributing factors to its prevalence have been identified. Although efforts
to eradicate disease following the initial detection was not successful, management strategies put
in place to mitigate disease have lessened the median prevalence.
Although the epidemiology of CWD in SK for captive herds indicated that the majority of
farms were linked to within-farm transmission sources, the anthropogenic movement of animals
continued to be a significant contributor to disease spread. Results from the movement risk
analysis chapter found that based on the variable inputs used for CWD, WTD had the greatest
probability of at least one infected animal being involved in a movement event for the province
as a whole. Furthermore, the probability of at least one elk or WTD involved in a movement
event varied within different regions of the province for each species. A movement event
involving at least one infected WTD or elk had the lowest risk within Q4, whereas Q1 and Q2
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for WTD and elk had the greatest risk, respectively. The variation in probability results for each
species and region can likely be explained by the nature of the farm (i.e. hunt farm, breeding
farm) and its subsequent demographic and the prevalence of disease within the local surrounding
wild population. Past research has found that CWD farm prevalence could be greater than 80%,
while prevalence in wild populations could surpass 45% (Keane et al., 2008).
In conclusion, during the time period of this epidemiologic review, CWD continued to spread
among cervid farms in the province. In contrast to the epidemiology of CWD when first
introduced onto SK game farms, the primary source of CWD transmission was within-farm
transmission; however, this study also showed CWD continues to be spread among farms
through the movement of infected animals. Without improved testing strategies, biosecurity
and/or vaccination, CWD prevalence will continue to persist among an expanding geographic
distribution.
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