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Wildlife reintroductions select or treat individuals for good health with the expectation that these
individuals will fare better than infected animals. However, these individuals, new to their environ-
ment, may also be particularly susceptible to circulating infections and this may result in high
morbidity and mortality, potentially jeopardizing the goals of recovery. Here, using the reintroduc-
tion of the grey wolf (Canis lupus) into Yellowstone National Park as a case study, we address the
question of how parasites invade a reintroduced population and consider the impact of these inva-
sions on population performance. We find that several viral parasites rapidly invaded the population
inside the park, likely via spillover from resident canid species, and we contrast these with the slower
invasion of sarcoptic mange, caused by the mite Sarcoptes scabiei. The spatio-temporal patterns of
mange invasion were largely consistent with patterns of host connectivity and density, and we
demonstrate that the area of highest resource quality, supporting the greatest density of wolves, is
also the region that appears most susceptible to repeated disease invasion and parasite-induced
declines. The success of wolf reintroduction appears not to have been jeopardized by infectious
disease, but now shows signs of regulation or limitation modulated by parasites.

Keywords: wildlife reintroduction; parasite invasion; enemy release; Sarcoptes scabiei;
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1. INTRODUCTION
Habitat destruction [1], climate change [2], over har-
vesting [3–5] and persecution have resulted in the
local extirpation of many species within parts of their
natural range. In an attempt to re-establish species
within their indigenous range, conservation managers
have deliberately reintroduced or augmented existing
populations [6]. Since 1973, a large number of threa-
tened and endangered species have been successfully
reintroduced back into their natural habitat in the
United States, some of which have since been removed
from listing under the United States’ Endangered
Species Act [6–9]. Particular success has been achieved
with persecuted species when habitat quality remains
high and persecution ceases [6,10]. Furthermore, rein-
troduced individuals are increasingly selected or treated
for good health [11], often held in captivity under
r for correspondence (esa5046@psu.edu).
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veterinary supervision for a period of time in an attempt
to ensure that healthy individuals re-establish the popu-
lation. These released individuals and their subsequent
generations may initially benefit from a relative lack of
infectious disease—a concept akin to the enemy release
hypothesis of invasive species [12]. However, these
individuals will also tend to be susceptible to circulat-
ing infections and, consequently, initial morbidity and
mortality may be relatively high, potentially jeopardizing
the primary objective of reintroduction. As we continue
to work towards restoring ecosystems, one of the
pressing questions facing wildlife managers and conser-
vationists is: how do parasites invade a reintroduced
host, and what are the risks of parasite-induced failure
to reintroduction efforts?

The grey wolf (Canis lupus), historically found
throughout most of the North American continent,
was heavily persecuted and eventually extirpated from
the majority of the lower 48 United States by the early
twentieth century [13]. In 1995 and 1996, wolves
were reintroduced into the Northern Rockies where
they have since established and spread [10,14,15].
This journal is q 2012 The Royal Society
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The release sites were characterized by excellent habitat,
an abundant resource base and the existence of core
protected areas [14]; these, coupled with the large
number of animals released, the species’ high intrinsic
growth rate, and its tendency towards habitat genera-
lization, have resulted in broad re-establishment [15].
In some areas, managers have suppressed wolf densities
so as to reduce conflict and competition with ran-
chers and hunters [16]. However, within Yellowstone
National Park, one of the core protected release sites,
the unmanaged population steadily increased to high
densities [17], producing a large wolf population
susceptible to infections such as canine parvovirus
(CPV), canine distemper virus (CDV) and sarcoptic
mange. In this study, we address the questions of how
diseases spread in these susceptible reintroduced popu-
lations, and how they impact population dynamics and
the long-term success of reintroduction efforts.
2. PARASITE ACQUISITION AND INVASION IN A
REINTRODUCED HOST: THEORY
Depending on the length or extent of a species’ absence,
a reintroduced host may return with a reduced suite
of specialist parasites, having lost some of these special-
ists during periods of small population size [12] or
through veterinary intervention. (Throughout, we will
use the term ‘parasite’ in the broadest sense, referring
to both microparasites, such as viruses and bacteria,
and macroparasites, including organisms such as
S. scabiei.) However, reintroduced individuals will
almost certainly face native, and perhaps even non-
native, generalist parasites that have been sustained or
have invaded into reservoir hosts in their absence.
A reservoir is defined as a population or community
that maintains a parasite infection and is responsible for
its spillover to the target species of interest [18]. Reintro-
duced hosts are expected to acquire and accumulate
these parasites via spillover from reservoirs or itinerant
conspecifics within their reintroduced range. The
speed at which this occurs will be largely determined
by the infection dynamics in the primary reservoir and
by the frequency and type of contact necessary for trans-
mission to occur. This process of accumulating parasites
may take time and thus a reintroduced species may
benefit from a temporary enemy release-like effect
in the form of reduced parasite pressure. However,
unlike non-native invasive hosts that are likely to
encounter parasites with which they share no evolu-
tionary history [19], reintroduced native hosts are
expected to encounter parasites that are well adapted
to exploiting them, and thus any parasite release is
likely to be short-lived.

Aside from simply being capable of acquiring a
suite of native infections, reintroduced species may be
particularly vulnerable to parasite invasion and the
adverse effects thereof. Reintroduced host populations
may have no/low herd immunity towards native, circulat-
ing parasites, resulting in more explosive and severe
infections than under endemic conditions [20]. Changes
in community composition and abundance, driven
by the absence of the reintroduced host, may also result
in increased opportunities for pathogen spillover
and parasite-mediated apparent competition [21].
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One hypothetical example based on our own study
system involves coyotes (Canis latrans) and wolves: coy-
otes, which reached much higher densities in the
absence of wolves, may have been capable of supporting
higher levels of endemic parasites and thus could have
provided a particularly intense source of spillover to
wolves during reintroduction. Small, recovering popu-
lations would be particularly vulnerable to the adverse
effects of these parasite pressures.

Following a spillover event from either a reservoir or
an itinerant conspecific, the likelihood of invasion is typi-
cally defined by the basic reproduction number, R0.
This is essentially the product of the transmission rate
and the infectious period of the parasite in the average
individual case, yielding the estimated number of new
infections caused by a primary infection in a completely
susceptible host population. If R0 is greater than 1, the
parasite is assumed capable of invasion. However, we
now know that the effects of heterogeneities in contact
rates, susceptibility and infectiousness are not well cap-
tured by the average metric of R0 [22–24], and that
these variations can have pronounced impacts on the
likelihood and course of parasite invasion. Highly con-
nected, susceptible or infectious individuals increase
the likelihood of parasite establishment and rapid
spread throughout the population [23].

Once a successful chain of transmission has been
established, parasite invasion is predicted to follow
the dominant spatial patterns of host connectivity
when all hosts are equally susceptible. Broadly, these
connectivity patterns will vary with scale and, with
increasing scale, will be dependent on host social be-
haviour, underlying resources, local host population
density and landscape structure. In the case of
group-living species, such as wolves, transmission
within groups is expected to be much greater than
between groups, a phenomenon that may, for some
parasites, impede invasion [22] but ultimately improve
persistence [25,26]. High resource-protected areas,
often comprising the core of reintroduction sites, are
likely to support the highest densities of reintroduced
hosts; these, paradoxically, may also be the sites most
vulnerable to invasion by parasites with density-depen-
dent transmission. Deviations in predicted patterns of
disease invasion may be explained by structural com-
plexities within the landscape [27], heterogeneity in
individual host behaviour [28], variations in the infec-
tious dose received, individual susceptibility and
parasite strains or types.

Here, we present a case study of the patterns and
impacts of parasite invasion into a reintroduced popu-
lation of grey wolves in Yellowstone National Park
(Yellowstone), Wyoming. We demonstrate that the
analogous effects of enemy release were relatively
short-lived among reintroduced wolves. We focus on
describing the spatio-temporal patterns of the rela-
tively slow and visible invasion of sarcoptic mange,
and to a lesser extent, the repeated invasions of
CDV. We demonstrate that the best regions for wolf
habitat and resource quality within Yellowstone, sup-
porting the densest and most highly connected
sub-populations of wolves, seem also to be those
most susceptible to widespread parasite invasion and
parasite-associated declines.
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3. WOLVES IN YELLOWSTONE: HISTORY OF
RELEASE AND INFECTION
Thirty-one wolves were captured from British Columbia
and Alberta, Canada and released in groups to establish
seven packs in Yellowstone in 1995 and 1996 [10,14].
All translocated wolves, as well as several early litters
that were temporarily brought into holding pens for
management purposes [29], were vaccinated for a suite
of common canid pathogens (rabies, CDV, canine
adenovirus type-1, Leptospiria sp., CPVand canine para-
influenza virus) and were treated with ivermectin, a
broad-spectrum antiparasitic, prior to their release. All
subsequent wolves born into the wild, which remained
unvaccinated, were assumed to be completely suscep-
tible and thus their exposure history was interpreted as
a reflection of parasites acquired in Yellowstone.

Within the first year following their release, wild-
born (unvaccinated) wolves acquired several viral
infections that had been present in Yellowstone coyotes
prior to wolf reintroduction [30,31]. By 1997, after only
a year of ranging on the Yellowstone landscape, 100 per
cent (18/18) of the wolves sampled across the park
tested positive for exposure to CPV and 61 per cent
(11/18) tested positive for canine adenovirus type-1
(CAV-1). By 1997, 63 per cent (12/19) of wolves
tested positive for canine herpesvirus (CHV), although
because CHV is a chronic infection and several reintro-
duced wolves tested positive at the time of release
(Yellowstone Wolf Project 2011, unpublished data),
we cannot distinguish between spillover from coyotes
and its introduction with, and spread from, infected
reintroduced wolves. From 1998 to 2008, each of
these three viruses became endemic with high seropre-
valence: 99 per cent (211/213) tested positive for CPV,
96 per cent (205/214) tested positive for CAV-1 and 91
per cent (190/208) were positive for CHV. The rapid
acquisition and high seroprevalences of these patho-
gens are in keeping with what we know about their
transmission biology. CPV is transmitted via faecal–
oral contact and the exchange of oral–nasal exudates,
shedding can last 30 days post-infection, and because
the virus is both extremely stable in the environment
(six months at 208C) and can induce carrier states,
the effective infectious period can be remarkably long
and permit persistence in the host population [32].
CAV-1 is transmitted via contact with nasal or conjunc-
tival secretions and urine or faeces; it is relatively less
stable in the environment (several days at 208C), and
shedding typically lasts 8 days, but the infection can
become chronic with shedding lasting six to nine
months in the urine [33,34]. CHV is transmitted both
vertically and through direct contact with oral, nasal
or genital secretions, and induces lifelong infection
with periodic recrudescence activated by stress or by
other forms of immunosuppression [35]. All three of
these viruses invaded the Yellowstone wolf population
so rapidly and completely, possibly via multiple
spillover events, that we were unable to discern any
spatial patterning to their invasion [30].

CDV is a directly transmitted generalist parasite that
causes acute infections and high juvenile mortality, and
confers lifelong immunity in surviving individuals [36].
CDV caused epidemics within the Yellowstone coyote
population prior to wolf reintroduction [37], but
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appears to have been absent from Yellowstone from
1995 to 1998 [30,38]. Subsequent to this, three distinct
canine distemper outbreaks took place (in 1999, 2005
and 2008), resulting in 100 per cent seroprevalence
among all wolves sampled in those years in the northern
region of the park coupled with very high (60–90%)
wolf pup mortality [30,38]. In contrast to CPV,
CAV-1 and CHV, for which there were no discernible
spatial patterns to invasion, CDV exposure varied in
accordance with regional host density [30]. Wolves
that were in packs within the less dense and poorly con-
nected interior of the park showed some exposure
during outbreak years, but seroprevalence and pup
mortality rates appeared to be much lower than in the
well-connected and high-density northern region of
the park [30]. These patterns are consistent with a para-
site that requires direct, rapid transmission and thus an
abundance of well-connected susceptible hosts [38].

In contrast to the four viral parasites, the invasion of
sarcoptic mange (an infection of the skin caused by the
mite Sarcoptes scabiei) was relatively slow and an indi-
vidual’s infection status could be visually scored.
State veterinarians introduced mange into the Greater
Yellowstone Ecosystem in 1905 in an attempt to aid
wolf eradication during the predator control era [39].
In the absence of wolves, it was thought to have per-
sisted among regional carnivores, although curiously
there were no known records of mange from animals
inside Yellowstone prior to wolf reintroduction.
Following reintroduction, mange was first detected in
wolves outside Yellowstone in 2002 [39] and inside
the park by early 2007 [40].

Mange is transmitted through direct bodily contact
or via contact with mites that have dropped off their
host into the environment. The mites are capable of
surviving away from a host for days and sometimes
up to several weeks, depending on the microclimate
at the mite’s drop-off site [41]. Potential sites for
environmental transmission include carcass sites, bed
sites and dens. The mites, which burrow into their
host’s epidermis, trigger an allergic/inflammatory reac-
tion that causes severe itchiness that, in turn, causes
the host to scratch and bite, resulting in thickening
of the skin, hair loss and increased susceptibility to sec-
ondary infections. On the basis of experimental work
among several canid species, the incubation period
between infection and the onset of scratching and
visible lesions ranges from two to five weeks post-
exposure, depending on the infectious dose [42].
The duration of infection in wolves and coyotes
appears to be highly variable, ranging from months
to well over a year [39,43]. Upon recovery, there is
some evidence of short-term immunity [44]. S. scabiei
does appear to exhibit some host specificity, possibly
even showing preference among closely related canid
species [42], suggesting that, once initiated among
wolves, the majority of subsequent transmission may
have been intra-specific.
4. METHODS
(a) Study area

Yellowstone National Park encompasses 8991 km2 of
protected land in northwestern Wyoming and adjacent
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parts of Montana and Idaho in the western United
States (448330 N, 1108300 W). Yellowstone National
Park is surrounded by the Greater Yellowstone Ecosys-
tem, a 60 000 km2 area that includes Yellowstone and
Grand Teton National Parks, national forests, wildlife
refuges, and a mosaic of state and private lands.
Yellowstone is mountainous (elevation range: 1500–
3500 m), and contains varied land cover, including
riparian vegetation, shrubland, grassland, alpine
meadows and mixed coniferous forests.

In keeping with previous studies [30,45], we divided
the park into two ecological units: the Northern Range
and the Interior, based on ecological and physiographical
differences. The comparatively small (1000 km2 versus
7991 km2) Northern Range of Yellowstone is charac-
terized by lower elevations (1500–2200 m versus
.2500 m), serves as prime wintering habitat for the
park’s ungulates [46], and consequently supports a
higher density of wolves than the Interior (20–99
wolves 1000 km-2 versus 2–11 wolves 1000 km-2 [17];
minimum population count for all of Yellowstone
National Park ranged between 97 and 172 wolves
between 2000 and 2010 [47]).
(b) Population monitoring and disease status

Since reintroduction in 1995–1996, the National Park
Service has captured and radio-collared an annual
average of 25 wolves (range: 14–39) spanning all
known packs in the park (mean packs sampled per
year ¼ 8; range ¼ 6–12). Collaring efforts, which
take place between December and March, generally
target breeders and young of the year, with an empha-
sis on maintaining contact with each pack. At the time
of collaring, staff record sex, weight and body con-
dition, estimate age based on tooth wear [48], collect
blood samples for genetic and serological analyses
and examine the body for ectoparasites, including
the clinical signs of infection with S. scabiei. The pro-
ject radio-tracks individuals on a weekly to monthly
basis with the goal of obtaining visual observations of
entire packs. During each aerial or ground sighting,
staff record location, pack size, membership, behaviour
and, since it was first recorded, the prevalence and
severity of mange within each pack.

An individual was recorded as being positive for
infection with S. scabiei based on the presence of vis-
ible, hairless lesions and scratching behaviour. The
date of the first observation of a positive individual
within a pack became known as the date of first infec-
tion for that pack. The severity of infection was
categorically assessed based on the percentage of an
individual’s body that was affected by hairless lesions:
0–5%, 6–50% and more than 50 per cent were scored
as class 1, 2 and 3 mange, respectively [49]. The infec-
tion status of all radio-collared individuals has been
recorded over time. For the purposes of analysis, we
report and use estimates of mange prevalence at a
pack level from March, July and November of every
year, the first and last months of which coincide with
the Wolf Project’s most intensive monitoring periods.

As part of previous work [30], serum samples isola-
ted from blood collected during 1996–2008 captures
were analysed at the Cornell University’s Animal
Phil. Trans. R. Soc. B (2012)
Health Diagnostic Center (Ithaca, NY, USA) for
specific antibodies to CPV (haemagglutination inhi-
bition test; positive titre 20 or higher), CAV-1 (serum
neutralization (SN) test; positive titre 8 or higher),
CHV (SN test; positive titre 8 or higher) and CDV
(SN test; positive titre higher than 12). Previous
research identified three discrete outbreaks of canine
distemper within Yellowstone wolves in 1999, 2005
and 2008 based on the seroconversion of pups (less
than 1 year) caught during those years [30]. In the pre-
sent study, we expanded upon this initial work by
classifying individual packs as having been exposed to
CDV in a given outbreak year if at least one individual
in that pack was seropositive and was known, based on
age and year of sampling, to have seroconverted
during the outbreak in question (i.e. either 1999, 2005
or 2008). We chose to increase the cut-off titre used to
define a positive CDV test to higher than 24 to minimize
false positives. We considered this to be justified because
the average titres of pups and yearlings during outbreak
years were orders of magnitude higher (mean titre ¼
128, s.d. ¼ 6) than during non-outbreak years (mean
titre ¼ 9, s.d. ¼ 2). We treated non-outbreak years simi-
larly, whereby we used data from all individuals born
and sampled between known outbreaks, and alive
during the year of interest, as indicators of pack
exposure to CDV. This approach increased our sample
size from an average of 10 (s.d. ¼ 5) pups per year
across 5 (s.d. ¼ 2) packs to an average of 24 (s.d. ¼ 7)
mixed-age samples per year distributed across an aver-
age of 8 packs (s.d. ¼ 2). Despite this increase in
pack-level information on CDVexposure, our sampling
still remained too sparse for detailed spatial analyses.
Thus, we limit our discussion of spatial dynamics of
CDV to regional patterns across the Northern Range
versus the Interior.
(c) Spatial progression of mange

Using Hawth’s analysis tools [50] in ARCGIS [51], we
calculated the 95 per cent kernel density home-range
estimate (smoothing parameter: h ¼ 3000) for each
pack using three months of location data before and
after each date at which a new pack became infected
with mange (mean number of locations per pack: 28,
s.d. ¼ 16). Using a subset of these data, including
only the home-ranges of packs when they were first
infected (mean number of locations per pack: 33,
s.d. ¼ 21), we calculated the new area invaded by
mange with each jump to a new pack; the ratio of
these values to the time between consecutive infections
yielded rates of geographical disease spread. This was a
simplified metric, as it did not include the territorial
shifts of packs once they had become infected.

All uninfected packs were considered at risk of
becoming infected. Using Hawth’s analysis tools [50],
we calculated the linear distance between the centroids
of all uninfected packs to the centroids of their nearest
infected neighbour for a given date of infection. Simi-
larly, we calculated the percentage of territory overlap
between each uninfected pack and its nearest infected
neighbour (% territory overlap ¼ (area of overlap
between packs A and B)/(area of the union of packs A
and B)). For each infection event, we also calculated



Table 1. Wolf packs present, sampled and found to be

positive for exposure to canine distemper virus on the
Northern Range and Interior of Yellowstone National Park,
Wyoming, from 1997 to 2010.

Northern Range Interior

year
packs
present

packs positive/

sampled
(prevalence)

packs
present

packs positive/

sampled
(prevalence)

1997 3 0/3 (0) 4 0/4 (0)
1998 3 0/3 (0) 4 0/3 (0)
1999 4 3/4 (0.75) 4 1/2 (0.5)
2000 4 2/3 (0.67) 4 0/4 (0)
2001 5 0/4 (0) 5 0/5 (0)

2002 8 0/5 (0) 6 0/2 (0)
2003 9 0/6 (0) 7 0/2 (0)
2004 7 0/5 (0) 9 0/5 (0)
2005 6 6/6 (1) 8 4/7 (0.57)

2006 7 1/5 (0.2) 6 0/3 (0)
2007 6 0/5 (0) 6 0/5 (0)
2008 8 3/3 (1) 7 1/2 (0.5)
2009 6 no data 7 no data
2010 4 no data 7 no data
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the number of infected individuals in the nearest
infected neighbouring pack as another potential predic-
tor of infection risk. Using a Cox proportional hazards
model, specified with a continuous-time study-based
baseline hazard [52,53], we modelled a pack’s risk of
infection as a function of Euclidean distance to, percen-
tage territory overlap with, and the number of infected
individuals in, its nearest infected neighbouring pack.

(d) Demographic dynamics and disease impacts

The Yellowstone Wolf Project produces annual, end-
of-year minimum wolf counts based on air and ground
surveys conducted in December. These population
counts include all pack counts, lone animals and indivi-
duals within small subgroups. Using end-of-year
estimates of pack size, we calculated annual pack
growth rates (l ¼Nt/Nt2 1) for each pack within the
population. Using generalized linear regression models
[54], we examined the ability of disease and time since
reintroduction, a proxy for declining food availability,
to explain the variation observed in annual pack growth
rates. Specifically, we hypothesized that both the pres-
ence of CDV and mange within a pack and increases in
time since reintroduction, corresponding to a linear
decline in prey abundance, would be negatively corre-
lated with annual pack growth rates. The final model
was specified as: annual pack growth rate �1 þ
(mange metric) þ CDV þ time. We examined several
different metrics of mange infection including: (i) the
presence of mange during a year; (ii) the presence of
class 2 or 3 mange during the year; (iii) the maximum
prevalence of mange recorded in the March, July or
November survey months, and the maximum prevalence
of mange class 2 or 3 recorded during the three survey
months. As described earlier, packs were classified
as having experienced a CDV outbreak if at least one
individual was known to have seroconverted during
the year in question. Serological data were unavailable
for 2009 and 2010, and analyses were run once with
only the available data, and once where we assumed
that 2009 and 2010 were non-CDV outbreak years.
All other data spanned 1997–2010. All models and
statistical analyses were undertaken in program R [54].
5. YELLOWSTONE WOLVES, CANINE
DISTEMPER AND MANGE: SPATIO-TEMPORAL
PATTERNS OF INVASION
Yellowstone’s wolves experienced three discrete out-
breaks of canine distemper: in 1999, 2005 and 2008
[30]. Using age-specific exposure data, we found that
CDV invaded 12 of 13 packs sampled on the Northern
Range (1999: 3/4; 2005: 6/6; 2008: 3/3) versus six
of 11 packs sampled in the Interior (1999: 1/2; 2005:
4/7; 2008: 1/2) of Yellowstone during these outbreak
years (table 1). Furthermore, we saw some evidence
for CDV exposure in 2000 (2/3 packs positive) and
2006 (1/5 packs positive) on the Northern Range,
although the seroprevalences during these years were
much lower than those observed during the primary
outbreak years (samples positive/samples tested:
1999 ¼ 6/7 versus 2000 ¼ 3/16; and 2005 ¼ 14/14
versus 2006 ¼ 1/9). All other years were confirmed
as being negative for CDV exposure.
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Sarcoptic mange has been recorded in wolves sur-
rounding Yellowstone since 2002 [39]. By the
summer of 2004, mange was recorded in the Chief
Joseph pack, a pack that straddled the northwestern
boundary of Yellowstone but spent the majority of its
time outside the park [55]. Despite this proximity,
mange failed to invade the core of Yellowstone until
late 2006, when it was detected in the Mollie’s pack
(figures 1 and 2). (It is important to note that we
assumed that the presence or absence of clinical
signs of mange accurately reflected an individual’s
infection status. However, we cannot rule out the
possibility that asymptomatic infections occurred
prior to the observation of clinical signs.) Although
the source of this initial infection remains unknown,
mange had been present to the east of Yellowstone at
that time, and thus may have been acquired either
during an out-of-park foray or via infected wolves
dispersing into the park.

After infecting the Mollie’s pack, mange spread to the
northern region of the park and outward (figure 1) at an
average rate of 315+171 km2, or 3+2 wolf packs per
year. Overall, Euclidean distance and the percentage of
territory overlap with a pack’s nearest infected neigh-
bour were significant predictors of infection risk
(figure 3a,b). With every 10 km increase in distance to
a nearest infected neighbour, uninfected packs experi-
enced a 66 per cent decline in their relative risk
of infection (b ¼ 20.108, s.e. ¼ 0.042, p ¼ 0.01;
figure 3a). No infections occurred at distances greater
than 38 km from an infected pack. Similarly, uninfec-
ted packs experienced an 80 per cent increase in
their relative risk of infection for every 10 per cent
increase in territory overlap with an infected neighbour
(b ¼ 0.061 (coefficient for arcsine-transformed data),
s.e. ¼ 0.018, p ¼ 0.001; figure 3b). The number of
diseased individuals in the nearest infected neighbour-
ing pack did not affect a pack’s risk of infection
(b ¼ 20.057, s.e. ¼ 0.136, p ¼ 0.68).
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Figure 1. A map depicting the spatial spread of mange across wolf pack territories over time (95% kernel density estimates

based on+ three months location data surrounding the first date of a pack’s infection). The timing of infection is represented
by the colour of the pack territory, and grey pack territories are those that remained uninfected during the study. Letters cor-
respond to pack data displayed in figures 2 and 4. The Northern Range within Yellowstone is delineated by the northern band
of packs (B–L, S) on the map, and the Interior encompasses the remainder of the park to the south and west.
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Despite the strong spatial pattern of mange spread
in Yellowstone, there were several packs that either
remained uninfected, despite geographical proximity
and overlap with infected neighbours, or became
infected despite large distances or no measurable terri-
tory overlap. By examining the upper and lower fifth
percentile of the distributions of distances and terri-
tory overlap, the outstanding cases included Oxbow
Creek, which became infected despite a distance of
38 km and no measurable territory overlap with the
Mollie’s pack during the six-month period surround-
ing the date of first infection; and the Canyon pack,
which was within a distance of 3 km and at one
point had 18 per cent territory overlap with Leopold,
but never became infected (figure 3c,d). While not
identified as an outlier by the above method, the
Quadrant pack also stood out as an exception on
the Northern Range; despite relatively close proximity
to infected packs (approx. 5 km), it is the only pack on
the Northern Range in which mange has never been
recorded (figures 1 and 2).

Infected lone dispersers, while potentially very
important to the local and regional transmission of
mange, were very difficult to track within our system.
However, we did have occasional sightings of such
individuals. For example, an unknown mangy male was
seen interacting with the Slough Creek and Druid Peak
packs nearly two months before the first case of mange
Phil. Trans. R. Soc. B (2012)
appeared on the Northern Range. Genetic data suggested
that this individual may have been an infected disperser
from outside the park (D. Stahler, Yellowstone Wolf
Project 2011, personal communication). Furthermore,
following the mange-associated dissolution of several
packs (e.g. Leopold and Oxbow), the mangy remnants
of these groups were seen travelling/dispersing within
the Northern Range. These, as well as other undetected
individuals, may have contributed to the unexplained
variance in the observed patterns of infection.

Once packs became infected, the spread and severity
of clinical signs of mange among individuals within the
pack appeared to be quite variable (figures 2 and 4). In
some cases, the infection remained at a low prevalence
within the pack, as in the case of the first year of both
Agate and Mollie’s infections, whereas in others, such
as in the case of the Druid pack, the infection spread
rapidly and infected nearly the entire pack, coinciding
with the pack’s extinction (figure 2).
(a) Demographic dynamics and disease impacts

Since reintroduction, the wolf population within
Yellowstone has shown phases of rapid growth (1995–
2003), stabilization (2003–2007) and slight decline
(2007–2010) (figure 5a). As expected, individual
packs, both within the Northern Range and the Interior,
are roughly at equilibrium (mean lNR ¼ 0.99; mean
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lInterior ¼ 1.10); however, Northern Range packs exhi-
bit 2.75 times as much variance in their annual growth
rates when compared with Interior packs (sNR ¼

0.512 versus sInterior ¼ 0.186) (figure 5b).
At the population level, periodic outbreaks of canine

distemper and the invasion of mange have coincided
with declines in population size (figure 5a). Incomplete
serological data from 2009 and 2010 meant that we were
unable to estimate the pack-level impacts of mange sep-
arate from the strong effects of CDV. However, if we
assumed that 2009 and 2010 were non-CDV outbreak
years, which is plausible given previous epidemic pat-
terns and the high levels of herd immunity following
the 2008 outbreak, both mange and CDV were found
to be important predictors of pack growth rates. At the
pack level, the presence (b ¼ 20.390, s.e. ¼ 0.181,
p ¼ 0.03) and prevalence of mange (b ¼ 20.008,
s.e. ¼ 0.002, p , 0.001), but particularly the presence
(b ¼ 20.586, s.e. ¼ 0.191, p , 0.01) and prevalence
(b ¼ 20.010, s.e. ¼ 0.003, p , 0.01) of the more
severe class 2 and 3 mange, were significantly associated
with negative growth rates in pack size (figure 5b), and in
several cases were associated with pack dissolution
events. As has been shown previously [30], canine
Phil. Trans. R. Soc. B (2012)
distemper outbreaks among Northern Range packs
also remained a significant predictor of declines in
pack growth rates (from model including presence of
mange class 2 and 3: b ¼ 20.512, s.e. ¼ 0.158, p ,

0.01). Disease had a larger, one-time effect on a
pack’s annual growth rate than the negative linear time
trend (b ¼ 20.034, s.e. ¼ 0.017, p ¼ 0.05). In a simpli-
fied model, the presence of class 2 or 3 mange, together
with canine distemper outbreaks alone, explained 19 per
cent of the variation in annual pack growth rate
(adjusted R2 ¼ 0.190; F ¼ 11.91, d.f. ¼ 93, p ,

0.001), the majority of which was within the Northern
Range of Yellowstone (figure 5b).
6. DISCUSSION
The enemy release hypothesis states that invading
species, particularly non-native species, may experience
a release from their former specialist and generalist
parasites once transported to their novel range [12].
Reintroduced native species, often selected for good
health and treated to minimize infections, may also
experience a brief release from their parasitic enemies,
but are ultimately expected to acquire a full suite of
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circulating infections. During this period of invasion,
the high proportion of susceptibles within the popu-
lation may result in relatively intense invasions in
terms of associated morbidity and mortality. Following
invasion, an array of host and parasite factors determine
the likelihood of pathogen persistence and whether indi-
vidual or suites of parasites end up contributing to the
limitation or regulation of host populations.

In examining the specific case of wolves, we found, as
expected, that the population has undergone a number
of parasite invasions since reintroduction. Several viral
parasites invaded the population rapidly after reintro-
duction, perhaps reflecting their relatively high R0

values and prevalence in sympatric reservoir hosts
[31,38,56]. More recently, we have found evidence
that Yellowstone’s wolf population has suffered negative
growth rates associated with CDV and mange, and that
several mange-associated declines have even continued
to the point of pack extinction. However, in contrast
to the North American black-footed ferret (Mustela
nigripes) [57,58] and bighorn sheep (Ovis canadensis)
[59–61] reintroductions, where repeated parasite inva-
sions via spillover have posed a substantial challenge to
recovery efforts, wolf recovery has remained a success
despite the invasion of infectious disease. The spatial
spread of mange has been largely consistent with the
hypothesis of nearest neighbour, pack-to-pack spread
as opposed to a hypothesis of frequent spillover events
Phil. Trans. R. Soc. B (2012)
from outside the park. Furthermore, we found that
the densest, most productive region of the park (the
Northern Range) was also the most susceptible to
CDV and mange-induced variation in annual wolf
growth rates. The protection of Yellowstone that has
afforded the wolf reintroduction effort such great suc-
cess has also allowed us to watch the natural transition
from population growth to limitation or regulation, in
which parasites appear to play a significant role.

The variation in time-to-invasion observed among
the various parasites that have invaded Yellowstone’s
wolf population may be explained in part by differ-
ences across parasites in their modes and rates of
transmission as well as their distribution among reser-
voir hosts at the time of reintroduction. For example,
CPV and CAV-1, both of which induce carrier states,
are environmentally stable, and were locally present
within Yellowstone’s coyotes and foxes at the time of
wolf reintroduction [30,31], rapidly spilled over into
Yellowstone’s wolves [30]. By contrast, neither CDV
nor mange appeared to be locally present within
Yellowstone at the time of reintroduction, which may
help to explain the delay in their invasion. However,
given that mange was present among wolf packs
adjacent to Yellowstone by 2002, the mite took a
surprisingly long time to invade the park. One expla-
nation for this relatively long time-lag to invasion
involves differences in relative densities of wolves
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between Yellowstone and the surrounding regions.
The protected, resource-rich park has supported
much higher population densities of wolves than the
surrounding areas, and led to a nearly constant satur-
ation of available territory [62]. Both genetic [63,64]
and observational data suggest that, until about 10
years post-reintroduction, dispersal and migration of
individuals was largely directed outwards from Yellow-
stone towards the less densely populated surrounding
regions. This directional flow of individuals may
have, in effect, created a short-term buffer against
the invasion of mange. However, this same phenom-
enon seems to have posed no barrier to the repeated
invasion of CDV. CDV may benefit from being both
more infectious (i.e. higher probability of infection
given contact, or higher rates of relevant contacts)
and having higher rates of cross-species transmission
than S. scabiei.

At the regional level, CDV [30] and mange have
both tended to track patterns of host density, exhibit-
ing a tendency towards thoroughly invading the
much more dense Northern Range over the Interior
Phil. Trans. R. Soc. B (2012)
region of Yellowstone. The Northern Range, which is
home to the region’s largest migratory elk (Cervus
Canadensis) herds, supports nearly 10 times the
density of wolves as the Interior (20–99 wolves
1000 km22 versus 2–11 wolves 1000 km22) [17].
Distances between packs on the Northern Range are
much shorter and there is much more territory overlap
than among packs in the Interior of the park (figure 1).
The greater distances between packs in the Interior of
the park may result in contacts being too infrequent for
the efficient transmission of either CDV or mange.

Outbreaks of canine distemper and the presence
and prevalence of mange are correlated with reduced
pack growth rates. CDV has acute impacts on pup sur-
vival [30], which likely accounts for declines in pack
growth rates during outbreak years. In the case of
mange, pack growth rate declines may be due to
reduced pup survival and increased adult morbidity
(possibly resulting in lower fecundity and/or increased
dispersal) and mortality, and these individual-level
impacts of infection will be the subject of future
study. However, the invasion of mange has also been
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coincident with a general decline in Northern Range elk
numbers [47] and increasing evidence of food stress
among Yellowstone wolves (D. Smith 2011, personal
communication). We attempted to account for this
decline in the resource base by including a linear time
trend in our models of pack growth rates. We did in fact
find a negative time trend, which suggests that from
1998 to 2010, packs have experienced a 20.41 decline
(95% CI: 20.814, 20.002) in their annual growth
rates, perhaps reflecting increased competition and food
stress. However, the fact that variation in infection
status among packs is strongly correlated with annual
pack growth rates suggests that parasites are having a sig-
nificant impact, even if they are, for example, interacting
with increased susceptibility driven by food stress. Con-
tinued long-term data collection will hopefully improve
our understanding of the relative effects of parasites and
resource limitation on host population dynamics. Fur-
thermore, future data collection will allow us to assess
whether the effects of parasites are likely to change
beyond the phases of reintroduction and invasion.

The success of wolf reintroduction in the Northern
Rockies has been due in large part to the existence of
large tracts of high-quality habitat and the removal or
Phil. Trans. R. Soc. B (2012)
management of human persecution. Fortunately, para-
sites have not posed a threat to the success of wolf
reintroduction, but rather reintroduction has pre-
sented an opportunity to study the patterns of
parasite invasion and their impacts on their hosts.
Within Yellowstone, the current fluctuation in popu-
lation size is likely to be a sign that the population
has reached a point of natural regulation—by prey
and perhaps by parasites. The resources and protec-
tion offered within the park should ensure that
Yellowstone wolves will serve as an important source
of emigrants for surrounding areas well into the
future. However, the high wolf densities afforded by
protection within Yellowstone may come at the cost
of some population stability; the high-density popu-
lation within the Northern Range of Yellowstone
suffers consistently more inter-annual variation in
pack growth rates than the less dense Interior, some
of which can be explained by increased vulnerability
to disease invasion and associated parasite-induced
declines. Awareness of this variability may be the key
to regional managers tasked with setting appropriate
harvest quotas as Montana and Idaho enter their
second public wolf hunt since delisting.
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