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The Role of Wolves in Regulating a
Chronic Non-communicable Disease,
Osteoarthritis, in Prey Populations
Sarah R. Hoy* , John A. Vucetich and Rolf O. Peterson

College of Forest Resources and Environmental Science, Michigan Technological University, Houghton, MI, United States

It is widely accepted that predators disproportionately prey on individuals that are old,
weak, diseased or injured. By selectively removing individuals with diseases, predators
may play an important role in regulating the overall health of prey populations. However,
that idea is seldom tested empirically. Here we assess the extent that wolves (Canis
lupus) select adult moose (Alces alces) in Isle Royale National Park on the basis of
age-class and osteoarthritis, a chronic, non-communicable disease. We also assess
how temporal variation in kill rates (on moose by wolves) were associated with the
subsequent incidence of osteoarthritis in the moose population over a 33-year period
(1975–2007). Wolves showed strong selection for senescent moose and tended to
avoid prime-aged adults. However, the presence of severe osteoarthritis, but not
mild or moderate osteoarthritis, appeared to increase the vulnerability of prime-aged
moose to predation. There was weak evidence to suggest that senescent moose with
osteoarthritis maybe more vulnerable to wolves, compared to senescent moose without
the disease. The incidence of osteoarthritis declined following years with higher kill rates–
which is plausibly due to the selective removal of individuals with osteoarthritis. Together
those results suggest that selective predation plays an important role in regulating
the health of prey populations. Additionally, because osteoarthritis is influenced by
genetic factors, these results highlight how wolf predation may act as a selective
force against genes associated with developing severe osteoarthritis as a prime-aged
adult. Our findings highlight one benefits of allowing predators to naturally regulate prey
populations. The evidence we present for predation’s influence on the health of prey
populations is also relevant for policy-related arguments about refraining from intensively
hunting wolf populations.

Keywords: bone disease, senescent related pathology, chronic pathology, selective predation, resource
selection, disease dynamics, ungulates, carnivores

INTRODUCTION

Selective predation occurs when a particular type of prey occurs more frequently in the predator’s
diet than is expected based on the prey types frequency in the environment. Selective predation
is believed to be common for coursing predators, such as wolves (Peterson, 1977; Wright et al.,
2006; Hoy et al., 2021), and may also be common among stalking predators (Krumm et al., 2010;
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Heurich et al., 2016). Selection tends to be for individuals that are
in some way easier or less risky for predators to capture because
of differences in age, conspicuousness, behaviors or body size and
condition (Temple, 1987; Magnhagen, 1991; Pierce et al., 2000;
Berger-Tal et al., 2009). For example, senescent prey, and prey
with diseases or parasites are thought to be easier for predators to
catch because they are in substandard condition (Hudson et al.,
1992; Krumm et al., 2010; Hoy et al., 2015, 2021).

Age-based selection can have important, if not readily
anticipated, impacts on prey population dynamics. For example,
prey population growth rates tend to be less impacted
by predation when predators exhibit selection for juveniles
and senescent adults because those age-classes have lower
reproductive values than prime-aged adults (Wright et al., 2006;
Gervasi et al., 2012; Hoy et al., 2015). Other effects of age-
based selection are not so easily anticipated, such as sometimes
making prey populations less resilient, reducing prey equilibrium
values or having a destabilizing effect on predator-prey dynamics
(Hoy et al., 2021).

Less well understood – but commonly speculated – is the
notion that selection for prey with infectious or communicable
diseases and parasites can result in healthier prey populations.
For example, mathematical models predict that selection for
infected individuals may reduce the prevalence and transmission
rates of diseases or parasites under certain circumstances (Packer
et al., 2003; Wild et al., 2011), but empirical assessments have
been less forthcoming (Tanner et al., 2019). Even less well
understood is whether the health of prey populations is affected
by selective predation for non-communicable diseases with
a genetic basis.

Here we assess the extent that wolves (Canis lupus) select
adult moose (Alces alces) in Isle Royale National Park (IRNP)
on the basis of both age-class and osteoarthritis, which is a
chronic, non-communicable disease that is strongly influenced
by genetic factors (Fernández-Moreno et al., 2008; Valdes and
Spector, 2008). Osteoarthritis is a progressively crippling disease
caused by degeneration of cartilage in the articulating surfaces of
moveable joints. Osteoarthritis often becomes painful and limits
mobility, which could increase vulnerability to wolf predation.

This analysis uses a database of necropsies, which includes
information about the year-of-death, age-at-death, cause-of-
death, and incidence of osteoarthritis for 1,571 moose dying
over a 47-year period (1959–2007). We also assessed the extent
that temporal variation in per capita kill rates (prey killed, per
predator, per unit of time) was associated with the subsequent
incidence of osteoarthritis in the moose population over a 33-year
period (1975–2007).

Assessments of the extent that wolves selectively prey on
individuals with osteoarthritis and the impact of selective
predation on the incidence of osteoarthritis would contribute
to better understanding of the ecological importance of wolves
for maintaining healthy prey populations and the breath of
ecosystem services that predators provide. Additionally, because
osteoarthritis is a senescent-related disease, these assessments
allow for disentangling the extent to which the basis for selective
predation in this population is some generic consequences of
senescence or more specifically osteoarthritis.

MATERIALS AND METHODS

Study System
Isle Royale National Park is an archipelago in Lake Superior,
North America (47◦50′N, 89◦00′W), comprised of a large
island (544 km2) and dozens of smaller islets (most of which
are< 2 km2). Isle Royale is also known as Minong by local
indigenous communities and is under the stewardship of the
Grand Portage Anishinaabe and U.S. National Park Service.
Populations of wolves and moose have been continuously studied
in IRNP since 1959 (Peterson et al., 2014). Moose are the primary
prey for wolves, comprising∼90% of their kills, and wolves are
the only predator of moose (Peterson et al., 1998). Neither the
forest nor moose have been harvested for over a century, and
wolves have been unaffected by human-caused mortality since
their arrival in the mid-20th century.

Osteoarthritis is a senescent-related disease and its incidence
increases with age (Peterson et al., 2010; Figure 1). Older
individuals are also more likely to have severe forms of the disease
(Figure 1). However, osteoarthritis can sometimes result from
trauma or injury to joints (Lacourt et al., 2012; Rickey et al.,
2012; Boyce et al., 2013; Jiménez et al., 2018). In humans and
horses, the rate at which osteoarthritis progresses can vary greatly
among individuals: in some cases, it may take several years before
individuals develop severe forms of the disease; in other cases,
rapid deterioration may occur in less than a year (Pivec et al.,
2013; Driban et al., 2014; McCoy et al., 2020). The rate at which
osteoarthritis progresses in moose may be similarly variable.

Data Collection
Each year between 1959–2007, we conducted intensive aerial
surveys in winter (January–February) and ground surveys in
summer (May–September) to locate the carcasses of moose
that died during the previous year (Montgomery et al., 2014;

FIGURE 1 | The proportion of moose exhibiting any sign of osteoarthritis
(black circles) and severe osteoarthritis (white triangles) at the time of death
increases with age in a population of moose in Isle Royale National Park.
Dataset is based on necropsies of 1,571 moose that died between
1959–2007.
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Hoy et al., 2021). We necropsied carcasses to determine
the individual’s cause-of-death, age-at-death and whether that
individual had osteoarthritis. Moose died from various causes,
primarily predation, starvation and accidents. We observed
various types of accidental deaths including: moose falling on or
through ice, falling down cliffs or abandoned mine-shafts, injuries
sustained during the rut. We used field sign, such as blood on
trees, signs of a chase as indicated by tracks, hair and blood in
the snow and signs of struggle including broken branches to infer
the cause-of-death as predation (Metz et al., 2012; Montgomery
et al., 2014). If predation was not determined to be the cause of
death, we used the condition of bone marrow in the femur to
assess whether starvation/malnutrition was a likely cause of death
(Peterson, 1977; Mech and Delgiudices, 1985). We estimated the
age-at-death for yearlings through tooth eruption patterns and
for adults by counting cementum lines of teeth (Peterson, 1977;
Haagenrud, 1978; Rolandsen et al., 2008). We excluded calves
from this analysis as previous studies have assessed wolf selection
for calves (Wright et al., 2006; Hoy et al., 2021). Moreover, in
most cases the carcasses of calves are too badly damaged to assess
whether individuals had skeletal abnormalities or defects.

We searched for the presence of osteoarthritis throughout
each skeleton. Osteoarthritis was most commonly observed in
the lowest vertebrae (fifth lumbar and first sacral) and pelvic
(coxofemoral) joint (Peterson et al., 2010). We classified instances
of osteoarthritis as being slight, moderate, or severe. Specimens
were classed as slight if we observed small osteophytes on
vertebral edges or if the acetabular fossa of the pelvis was largely
open but exhibited bone ingrowths. Specimens were classed as
moderate if osteophytes had started to bridge gaps between
vertebra or if bone growth had entirely closed the acetabular fossa
and small areas of cartilage loss (sclerosis) were observed, but no
other modifications of the acetabular joints were observed. Lastly,
specimens were classed as severe if we observed any of these
conditions: osteophytes extending over vertebral joints, vertebrae
starting to fuse together, significant remodeling of joints in
the pelvis, such as sclerosis, subchondral lesions (cavities) and
osteophytes growing around the entire coxofemoral joint or
dorsal migration of the joint. Figure 1 in Peterson et al. (2010)
provides images which show the progressive deterioration of
the coxofemoral joint associated with osteoarthritis. To ensure
that individuals were assessed for osteoarthritis in a consistent
manner, the severity of osteoarthritis was determined by the
same observer (ROP) throughout the entire study period. It
was not possible to determine how long individuals might have
had osteoarthritis prior to death because the rate at which
osteoarthritis progresses is known to be highly variable (Pivec
et al., 2013; Driban et al., 2014; McCoy et al., 2020).

Statistical Analyses
All analyses were performed in Program-R version 4.0.5 (R Core
Team, 2021). First, we assessed whether wolves selectively preyed
on moose with osteoarthritis whilst also taking into consideration
whether prey were prime-aged (aged 1–9 years old) or senescent
(>10 years old). It is plausible that an individual’s vulnerability
to predators may vary with the severity of the osteoarthritis, e.g.,
moose with more severe osteoarthritis may have more limited

mobility than individuals with slight osteoarthritis. Therefore,
we considered eight types of moose: prime-absent (n = 639),
prime-slight (n = 33), prime-moderate (n = 30), prime-severe
(n = 39), senescent-absent (n = 374), senescent-slight (n = 102),
senescent-moderate (n = 194), and senescent-severe (n = 264).

Following Hoy et al. (2021), we estimated the strength
of wolves’ selection for each of the eight moosetypes using
the Manly-Chesson selection index, denoted α (Manly, 1974;
Chesson, 1978, 1983). The Manly-Chesson index is a relative
measure of selection and commonly used to assess wolf predation
(Ståhlberg et al., 2017; Torretta et al., 2017; Hoy et al., 2021). It is
calculated as:

αi =
ri / ei∑m

i = 1 ri / ei
(1)

where ri is the proportion of prey item i in the diet (i.e., dietary
frequency), ei is the proportion of prey item i in the environment
(environmental frequency), and m represents the number of prey
types in the environment, where m = 8 in our case. Values of
αi range from 0 (complete avoidance) to 1 (strongest possible
selection). If predators exhibit no selection, then frequency in the
diet matches the frequency in the environment and αi = 1/m.
In a formal sense, α is proportional to the probability that a
predator attacks a prey type given an encounter. Additionally, α

is also related to the attack rate in the functional response of a
consumer-resource model (Chesson, 1978).

We estimated the environmental frequency of osteoarthritis by
multiplying estimates of the age-specific incidence of moderate
to severe osteoarthritis (Figure 1) by estimates of the average
age-structure of the moose population between 1959–2007. The
average age structure of the moose population was estimated
from annual estimates of age-structure between 1959–2007,
which were produced as part of an earlier study (Hoy et al.,
2020, 2021). We do not assess whether selection for moose with
osteoarthritis differed for bulls and cows because sex-specific
estimates of age-structure are not available for this population.
To estimate dietary frequency, we filtered our necropsy database
to include only moose killed by wolves between 1959–2007
(same period as age-structure estimates) and then estimated the
proportion of all wolf-killed moose belonging to each of the eight
prey types.

Second, we assessed whether cause-specific mortality differed
with the severity of osteoarthritis. To do so, we used generalized
linear models (GLMs), with a binomial error structure, where
the response variable was 1 or 0 depending on whether moose
died from wolf predation or from other causes (i.e., starvation,
accidents) respectively. If an individual’s cause of death could not
be determined (due to inconclusive field evidence) we excluded
it from this analysis. The predictor variable indicated whether
osteoarthritis was absent, slight, moderate or severe. We assessed
cause-specific mortality separately for prime-aged and senescent
moose because wolves are known to show strong selection for
senescent moose(Hoy et al., 2021).

Lastly, we used GLMs with a binomial error structure to
assess the extent that interannual variation in per capita kill
rate subsequently influenced the proportion of moose dying
with osteoarthritis. To account for interannual variability in
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the number of individuals dying we carried out a weighted
regression (annual sample sizes used as weights) where the
response variable was the proportion of moose dying with
osteoarthritis. For this analysis, we considered only two types of
moose (those with and without osteoarthritis) because annual
sample size was not large enough to support an analysis that
takes account of the severity of osteoarthritis. We built models
allowing for the possibility that kill rate’s effect on the incidence
of osteoarthritis occurs after some time lag (up to 3 years). Time
lags are a common feature of ecological interactions, including
predation and disease (MacDonald, 1978). We estimated per
capita kill rate from aerial surveys each surveys in Jan-Feb
each year (Gasaway et al., 1986; Peterson and Page, 1988). We
excluded data prior to 1975 because estimates of per capita
kill rate (with 3-year lag) are not available for earlier years.
Because the incidence of osteoarthritis is also likely influenced
by fluctuations in the age structure of the moose population,
we included an index of age structure (proportion of adults
that were senescent, > 9 years old) as a predictor variable
(Hoy et al., 2020).

To check assumptions of heteroskedasticity and normally
distributed errors we visually inspected plots of model residuals
and we formally tested for heteroskedasticity using Breusch-
Pagan tests. We also checked for overdispersion and refitted
models with a quasibinomial error structure if the dispersion
factor was greater than 1.3. We estimated Cook’s distance to
check whether any observations had unduly large leverage. Lastly,
we estimated variance inflation factors (VIF) to check whether
multicollinearity was a concern for each model.

RESULTS

Osteoarthritis was detected in 38.3% of the 1,571 skeletons
of moose that we examined whose age-at-death could be
determined. Senescent moose accounted for 35.4% of individuals
dying with no signs of osteoarthritis (n = 970), 74.0% of
individuals dying with slight osteoarthritis (n = 127), 86.4%
of individuals with moderate osteoarthritis (n = 214), and
86.9% of individuals with severe osteoarthritis (n = 260). Wolf
predation accounted for 58.0% of the 1,416 dead moose whose
cause-of-death could be determined, with prime-aged individuals
accounting for 42.9% of moose killed by wolves.

Wolves showed strong selection for senescent moose,
and avoidance of prime-aged adults. However, wolves
showed weaker avoidance of prime-age moose with severe
osteoarthritis (α = 0.08) compared to prime-aged moose without
osteoarthritis or with only slight or moderate osteoarthritis
(α = 0.04, Figure 2). Moreover, wolves exhibited weaker
selection for senescent moose without osteoarthritis (α = 0.16)
compared to senescent moose with slight, moderate or severe
osteoarthritis (α = 0.21, α = 0.22, α = 0.20, respectively,
Figure 2). For additional context, we would expect α = 0.13
if wolves exhibited no selection or no avoidance for a prey
class (i.e., they killed prey types in proportion to their
relative abundance).

FIGURE 2 | Frequency of different types of moose in the environment and in
wolf diets in Isle Royale National Park, 1959–2007. Moose were grouped
according to age [prime-aged (1–9 years old) or senescent (>9 years old,
abbreviated “Sen”)] and severity of OA [absent, mild, moderate (abbreviated to
mod.), severe]. Black bars indicate environmental frequency, averaged across
years. Gray bars indicate dietary frequency, averaged across years.

Cause-specific mortality differed with the severity of
osteoarthritis for prime-aged moose (see Figure 3A). More
precisely, the probability of being killed by wolves was
significantly higher for prime-aged moose with severe
osteoarthritis compared to prime-aged moose with slight,
moderate or no sign of osteoarthritis (p = 0.02). There was weak
evidence to suggest that senescent moose without osteoarthritis
were less likely to be killed by wolves than moose with slight,
moderate or severe osteoarthritis; but the difference was not
statistically significant (Figure 3B, p = 0.08).

The incidence of osteoarthritis among dead moose was
negatively correlated with kill rates following a 2–3-year lag
(Table 1 and Figure 4) with the correlation being strongest for
a 3-year lag. By contrast, temporal variation in the incidence
of osteoarthritis among dead moose was not strongly correlated
with the indicator of population age-structure (proportion of
adults in the population that were senescent, Table 1).

DISCUSSION

Wolves showed strong selection for senescent moose and tended
to avoid prime-aged adults, which is consistent with previous
research (Hoy et al., 2021). However, this research goes further
by showing that selection for age-classes of moose may also be
influenced by a chronic disease, osteoarthritis. More precisely,
our results suggest that the presence of severe, but not mild
or moderate osteoarthritis, increases the vulnerability of prime-
aged moose to predation by wolves. Two results point to this
conclusion. First, wolf predation was more likely the cause of
death for prime-aged moose with severe osteoarthritis than
for prime-aged moose without osteoarthritis or with mild or
moderate osteoarthritis (Figure 3A). Second, wolves avoided

Frontiers in Ecology and Evolution | www.frontiersin.org 4 April 2022 | Volume 10 | Article 819137

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-10-819137 April 12, 2022 Time: 8:28 # 5

Hoy et al. Wolves Preying on Arthritic Moose

FIGURE 3 | Proportion of moose killed by wolves (as opposed to dying from
other causes, i.e., starvation or accidents) varies with the severity of
osteoarthritis for prime-aged moose (A) but not for senescent moose (B).
Moose were considered to be in their “prime” if they died between 1–9 years
old or senescent if they died> 9 years old. Bars represent standard errors.
Analysis is based on necropsies of 1,416 moose in Isle Royale National Park
between 1959–2007 and for whom age-at-death, cause-of-death, and
osteoarthritis status could be determined.

prime-aged moose with severe osteoarthritis less intensely
(α = 0.08) than prime-aged moose without the disease or with
mild and moderate cases of osteoarthritis (α = 0.04, Figure 2).

There was weak evidence to suggest that senescent moose
without osteoarthritis were less vulnerable to wolves, compared
to senescent moose with the disease. Specifically, the estimated

value of α for senescentmoose without osteoarthritis (α = 0.16)
was close to the value that corresponds to no selection for a
given prey type (α = 0.13). There was also some evidence to
suggest that the probability of being killed by wolves is lower for
senescent moose with no signs of osteoarthritis (Figure 3B), but
that result was not statistically significant. Therefore, this study
offers limited support for the idea that osteoarthritis is a more
important basis for selection, rather than some other aspect(s) of
being senescent.

Senescent adults may be more vulnerable to coursing
predators, irrespective of whether they have osteoarthritis, due
to some combination of the following factors. First, senescent
mammals may be less able to detect nearby predators because
of age-related declines in hearing, visual acuity, and cognition
(Spear et al., 1994; Chapagain et al., 2018; Jayakody et al., 2018).
Second, older adults tend to become more sedentary (Ingram,
2000; Froy et al., 2018) because of declines in muscle mass
and strength, aerobic capacity or spatial memory (Barnes, 1988;
Doherty, 2003; Short et al., 2005; Tanaka and Seals, 2008).
Third, sedentariness may be accompanied by a tendency to
spend more time in habitats where forage availability is high
(Froy et al., 2018), even if doing so increases the likelihood of
encountering predators. This pattern has been observed on Isle
Royale, where senescent moose were more likely than prime-
aged moose to be killed closer to the shorelines where forage
availability is thought to be higher and where wolves tend to
be more active (Montgomery et al., 2013). Thus, age-related
changes in behaviors, such as habitat selection, in addition
to physiological declines, may contribute to senescent moose
being more vulnerable to predation, irrespective of whether they
have osteoarthritis. For these reasons, age should also be an
important consideration when evaluating the effect of disease on
prey vulnerability.

The incidence of osteoarthritis tended to be higher following
years with lower kill rates (Figure 4 and Table 1). Because
predation is a major cause of mortality in this moose population
(Vucetich et al., 2011; Figure 3), its plausible that arthritic
individuals may live longer during periods when kill rates are
low, leading to an increase in osteoarthritis in the population.
Conversely, the incidence of osteoarthritis may lower following
years with high kill rates because of the selective removal
of moose with severe osteoarthritis. Because osteoarthritis is

TABLE 1 | Coefficients from bivariate models predicting temporal variation in the incidence of OA among dead moose over a 33-year period (1975–2007) from the
proportion of adults in the populations that were senescent (Prop.sen, an indicator of population age structure) and kill rate by wolves (the number of moose killed, per
wolf, each year) lagged up to 3 years.

Model number Predictor variables Coefficients (Standard errors) P-values Dispersion factor VIF

1. Prop.sen (t) –0.11 (0.68) 0.87 1.67 1.05

Kill rate (t-1) –0.61 (0.33) 0.07

2. Prop.sen (t) 0.05 (0.66) 0.94 1.59 1.01

Kill rate (t-2) –0.69 (0.31) 0.03*

3. Prop.sen (t) 0.09 (0.63) 0.89 1.49 1.00

Kill rate (t-3) –0.78 (0.29) 0.01*

We removed one observation (data from 1996) because it had high leverage (Cooks distance> 3). Models were fitted with a quasibinomial error structure to account for
overdispersion (see fourth column). VIF is variance inflation factor. Asterisks are used to highlight predictor variables that were statistically significant.
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FIGURE 4 | Proportion of moose exhibiting osteoarthritis that died (from all
causes) in year t in relationship to the per capita kill rate by wolves in year t–3.
Each point represents a year (t) between 1979–2010. The line indicates a
predicted value from a generalized linear model with two predictor variables,
kill rate (t-3) and proportion of senescent moose in the population (t), where
the proportion of senescent moose was fixed at the median value observed
during the 33-year study period. Gray areas indicate 95% confidence
intervals. The relationship with the proportion of moose exhibiting
osteoarthritis and kill rates (t-2) is similar to the one shown above.

importantly influenced by genetic factors (Fernández-Moreno
et al., 2008; Valdes and Spector, 2008) our results highlight the
potential for wolf predation to act as an important selective force
against genes that predispose individuals to developing severe
osteoarthritis at a relatively young age. Wolves may also play an
important role in regulating other chronic, non-communicable
diseases in prey populations given that osteoarthritis is linked to
(and may be an important risk factor for) other serious health
conditions–at least in humans (Wang et al., 2016; Hawker and
King, 2021). Therefore, we suggest that future studies assess
how selective predation by wolves is influenced by prey having
osteoarthritis as well as other chronic health conditions. Valuable
insights might also be gained by future studies comparing how
the incidence of osteoarthritis varies among prey populations that
are subject to different levels of predation by wolves.

Temporal fluctuations in the incidence of osteoarthritis
could also be caused by several other processes, in addition
to wolf predation. First, the incidence of osteoarthritis may
be related to processes which affect gene frequencies, such
as genetic drift or inbreeding given that osteoarthritis is
importantly influenced by genetic factors (Fernández-Moreno
et al., 2008; Valdes and Spector, 2008). Any such effects of
genetic drift and inbreeding on osteoarthritis may be more
pronounced in Isle Royale moose than in mainland moose
populations because the Isle Royale population is a relatively
small and isolated. Second, the incidence of osteoarthritis has
also been linked to fluctuations in nutritional condition for
moose. Specifically, previous research suggests that moose which
experienced poor nutritional conditions in early life are more
likely to develop osteoarthritis in later life (Peterson et al., 2010).
The nutritional condition of moose is importantly determined
by interannual variation in weather [summer temperatures and

snow depth, (Hoy et al., 2022)] because weather can affect
physiological and energetic costs for moose, moose foraging
behavior, the abundance of important parasites for moose,
and the growth and quality of important forage species for
moose. Nutritional conditions for moose may also fluctuate
over time in response to changes in the level of intraspecific
competition for food. However, there is no strong evidence
linking fluctuations in nutritional condition to moose abundance
(a common indicator of intraspecific competition) in this study
system (Hoy et al., 2022). More importantly, fluctuations in
moose abundance are largely driven by wolf predation in
IRNP (Vucetich et al., 2011). Thus, even if changes in moose
abundance have an important influence on nutrition and the
incidence of osteoarthritis, then any such fluctuations are likely
to ultimately trace back to changes in predation pressure. That
observation highlights the complex interrelationships among
processes influencing the incidence of osteoarthritis. We suggest
future research focus on assessing the top-down and bottom-
up processes causing temporal fluctuations in the incidence
of osteoarthritis.

Management Implications
This research adds significant evidence for how selective
predation may regulate the health of prey populations (Packer
et al., 2003; Barber-Meyer et al., 2007; Wild et al., 2011; Tanner
et al., 2019), which has implications for two management issues.
First, the management of population health for ungulates has
typically focused on the use of culls or recreational hunting to
reduce the incidence of disease or parasites of concern (Mysterud
et al., 2019; Debow et al., 2021). However, culls and harvests
tend to be less selective for old and diseased individuals than
predation (Wright et al., 2006; Krumm et al., 2010). Furthermore,
killing healthy prime-aged adults is likely to be less effective
at controlling diseases and may reduce ungulate populations
to unnecessarily low densities. Indeed, previously published
simulation analyses have indicated that selective predation is
more effective at reducing disease prevalence and causes smaller
declines in prey populations compared to a similar rate of
culling or harvest that is non-selective (Wild et al., 2011).
This strongly suggests that predation is largely compensatory
to overall mortality, whereas culling and hunting is largely
additive to overall mortality. Moreover, field evidence suggests
that recreational hunting is typically not effective for limiting
the incidence of disease in ungulate populations, even when
regulations are designed to increase the efficacy of recreational
hunters (Mysterud et al., 2019). Although culling can limit
diseases more effectively than recreational hunting, culls tend to
be highly controversial among hunters and the general public
(Mysterud et al., 2019). Our work supports the view that natural
predator populations represent a valuable alternative approach
toward disease management (Tanner et al., 2019; Escobar et al.,
2020).

Second, the evidence we present for predation’s influence
on the health of prey populations is also relevant for policy
arguments about hunting wolf populations. More precisely, a
common policy-related argument is that reasons offered for
intensive wolf hunting (i.e., to mitigate threats to human
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safety, livestock loss, opportunities to hunt ungulates) do not
outweigh the reasons to refrain from intensive wolf hunting
(Vucetich et al., 2017). Those reasons for refraining include moral
considerations (Vucetich et al., 2015), ecological consequences of
allowing wolves to naturally regulate prey populations (Ripple
et al., 2014), evolutionary consequences of allowing wolves to
naturally regulate prey populations (Coltman et al., 2003; Festa-
Bianchet, 2013). Our work contributes to better understanding
the robustness of that argument by providing evidence for
how unharvested wolf populations may influence the incidence
ofosteoarthritis, a genetically based non-communicable disease.
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