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Robert Found' and Colleen Cassady St. Clair*

Department of Biological Sciences, University of Alberta, Edmonton, AB, Canada

Loss of migratory behavior in ungulates often occurs with habituation to people to
cause several challenges for wildlife managers, particularly in protected and urban
areas. Aversive conditioning to increase ungulate wariness toward people could be an
important tool for managing wildlife conflicts, but it is frequently thwarted by variation
in responsiveness among individuals, an aspect of personality that is currently little
understood by managers. In our paper, we describe the potential role of personality in the
ecological progression associated with habituation, loss of migration, and human-wildlife
conflict in ungulates. We do so by (a) synthesizing our prior work on two populations of
wild elk (Cervus canadensis) living in national parks in the Canadian Rocky Mountains,
(b) using it to articulate a conceptual model to explain how anthropogenic changes
in landscapes favor bolder individuals, and (c) showing how targeted use of aversive
conditioning could limit the advantages to bold individuals that promote residency. Our
review showed how bolder elk, defined by a combination of seven separate personality
metrics on a bold-shy continuum, are three times more likely to forego migration, but
are also quicker to learn by association, whether via the provision or cessation of
aversive conditioning. Differences in personality may relate to cognitive flexibility, which
we measured with limb use preferences, to imbue bolder elk with more rapid responses
to changing environments. In our conceptual model, we show how four ecological
drivers comprised by interactions with humans, predators and conspecifics, in addition to
changes in forage, favor bolder elk that are more likely to adopt a resident migratory tactic.
We also explain how bold personalities could result from behavioral flexibility, genetic
differences, or gene-environment interactions, each of which could be moderated by
frequency-dependent payoffs to individuals. We suggest that managers could limit the
prevalence of bold, resident ungulates by targeting bolder individuals with active and
specific aversive conditioning, while minimizing anthropogenic food sources in predator
refugia. A better understanding of personality in wildlife could support more proactive
strategies to limit habituation and encourage migration and other keystone behaviors in
changing landscapes.
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Diverse species of ungulates exhibit seasonal migration with
potential benefits of increased foraging opportunities (Albon and
Langvatn, 1992), reduced predation (Hebblewhite and Merrill,
2009) and avoidance of parasites (Altizer et al., 2011). Recently,
ungulate populations around the world demonstrate reduced
tendencies to migrate with profound effects on associated
ecosystems (Bolger et al., 2008; Tucker et al, 2018). Such
declines have been documented for wildebeest (Conochaetes
spp.) in Africa (Morrison and Bolger, 2012), Mongolian gazelles
(Procapra gutturosa) in Asia (Ito et al., 2005), moose (Alces alces)
in Europe (Singh et al.,, 2012), and elk (Cervus canadensis) in
North America (Hebblewhite et al., 2006). As ungulates become
more sedentary, they often become hyperabundant, over-
consume vegetation, disrupt historic predator-prey relationships,
and otherwise alter ecosystem functions (White and Ward, 2010).
Problems with overabundance are often greatest in protected
areas, where humans present little risk, but ample reward in the
form of anthropogenic food (Thompson and Henderson, 1998)
and protection from predators (Berger, 2004). The combination
of sedentary behavior and the absence of predators has been
recognized as a threat to the health and sustainability of
ungulate populations for almost 100 years (Murie, 1934), but it
increasingly characterizes populations of wild ungulates around
the world (Bolger et al., 2008; Polfus and Krausman, 2012; Tucker
et al., 2018).

In the sequence of ecosystem change that occurs when
ungulate prey are decoupled from their predators, habituation by
ungulates to people appears to play a pivotal role (Thompson and
Henderson, 1998; Whittaker and Knight, 1998). The process of
habituation is described simply as a learned behavioral response
or waning physiological response to stimuli that lack fitness
consequences (Blumstein, 2016). Habituation was extensively
studied by learning theorists over the past century and is a
well-known contributor to human-wildlife conflict in diverse
settings that range from crop damage by birds to urbanizing
carnivores and ungulates (Conover, 2001). Habituation by
ungulates frequently results in conflict, particularly in protected
areas where it can compromise human safety (Thompson and
Henderson, 1998; Kloppers et al., 2005). In those areas, ungulates
can rapidly lose their historical wariness to people, allowing them
to reduce energetically costly responses, such as escape behavior
(Gates and Hudson, 1978) and vigilance (Shannon et al., 2014).
Increasing habituation by deer species is occurring around the
world in urban or urbanizing areas that exclude human hunting
and predators (Honda et al., 2018).

The capacity to distinguish between aversive and benign
forms of similar stimuli appears to be a critical component
of the habituation process (Bejder et al., 2009) with fitness
consequences suggested by its occurrence in examples as diverse
as carnivores (Ohta et al., 2012), birds (Mackay et al., 2014) and
insects (Davis and Heslop, 2004). Although habituated behavior
occurs in diverse taxa, prey seem to be more prone to habituation
than predators, which generally show a greater innate avoidance
of people (Thompson and Henderson, 1998; Berger, 2004),
perhaps because habituation helps prey species escape predation.
In many ungulate species, proclivity to habituate often results
in a positive feedback loop whereby predator refugia formed in

human-disturbed areas select for individuals that habituate more
readily, increasing, in turn, their capacity to exploit the benefits
of the refugium (Polfus and Krausman, 2012). Even in songbirds,
there appears to be a positive feedback between the tendency
to habituate to people and the tendency to exploit urban areas
(Atwell et al., 2012).

Exploitation of urban areas by wildlife is often addressed with
the management tools of hazing, which is short-term deterrence,
and aversive conditioning, which relies upon associative learning
(Hopkins et al., 2014). Aversive conditioning is a systematic
method of modifying an individual’s behavior by imposing
evolutionarily-relevant negative consequences on individuals
exhibiting undesirable behaviors (Domjan, 2014), such as a
willingness to tolerate close approaches by people or use of
human-dominated spaces. Aversive conditioning may consist
of chasing animals, firing projectiles, or emitting loud noises
and has been used to restore wariness in black bears (Ursus
americanus; Mazur, 2010), elk (Kloppers et al., 2005), wolves
(Canis lupus; Hawley et al., 2009), and coyotes (Canis latrans;
Bonnell and Breck, 2017). Human hunting may not lead to
avoidance behavior, especially when it is highly targeted and
immediately lethal, if it limits negative consequences experienced
by other animals. However, the efficacy of aversive conditioning
can also be limited by substantial variation among individuals
in responsiveness to the aversive stimuli and duration of
learned responses. This variation in responses along with
subtle differences in context can determine whether individuals
sensitize or habituate to stimuli that are intended by managers to
be aversive (Blumstein, 2016).

Similar inter-individual variation in behavioral tendencies
across contexts has been described for hundreds of species and
is defined as personality (Gosling, 2001), behavioral syndromes
(Sih et al, 2004), or temperament (Réale et al., 2007), all of
which relate to the degree of plasticity in behavior that stems
from a combination of genes, development, environment, and
experience (Stamps, 2016). Individual variation in the tendency
to habituate to people has high relevance to the management
of migratory ungulates, but also to wildlife management
more generally. For example, habituated individuals are often
associated with hyper-abundance, ecological damage, and
human-wildlife conflict (Polfus and Krausman, 2012), but they
may also be more likely to spread zoonotic diseases (Murray
et al., 2015) or lead conspecifics into adopting similar behavior
(Modlmeier et al., 2014).

Relationships between the tendency to habituate and more
general responsiveness to environmental stimuli suggest an
underlying difference in behavioral flexibility. Such variation
might stem partly from the degree of cerebral lateralization,
defined as specialization of neural tasks to different brain
hemispheres to speed neural processing and reaction times
(Rogers, 2000; Vallortigara, 2006). Lateralization is familiar
to humans as handedness; the strength of hand preference
correlates with cognitive speed and efficiency in domains ranging
from athletics to academics (Bisazza et al, 1998). In many
animals, greater lateralization translates into greater speed in
detecting and responding to predators (Brown et al., 2007).
However, the greater speed of cognitive processing for familiar
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behavioral routines comes at a price, because strongly lateralized
animals appear to have less flexibility in adjusting behavior to
changing environments (Porac and Searleman, 2006; Carlier
et al,, 2011). Associations with response times potentially make
the measurement of laterality a powerful complement to studies
of personality, particularly in animals that express routine
behaviors with which it can be easily quantified.

Behavioral variation consistent with definitions of personality
have been described in both wild ungulates (Réale et al., 2000)
and domesticated species (Wesley et al., 2012), but there has
been no generalized effort to explore how personality traits
affect ungulate migration and management. That application
is overdue considering that livestock owners have recognized
and used this variation for centuries to select for more docile
animals. In the first section below, we synthesize our past
work showing that behavioral syndromes can be quantified in
wild, habituated elk (Found and St. Clair, 2016) that reside
in the protected areas and mountain townsites of Banft and
Jasper, Canada. Next, we develop a conceptual model to show
how environmental changes wrought by four ecological drivers
increase the benefits of bolder behavior, which favors the
individuals that are more likely to use the resident migratory
tactic. We explain the mechanisms by which directional selection
for bolder individuals could occur and how it is limited by
frequency dependence, which may also limit the correlation
between personality and migratory tactic. We conclude by
showing how greater acknowledgment of behavioral variation
and explicit targeting of bold behaviors could increase the
efficacy of aversive conditioning to manage both habituation and
migration in wild ungulates.

REVIEW OF PERSONALITY AND
MIGRATION IN WILD ELK

Between 2010 and 2013, we studied the impacts of individual
behavioral variation on habituation and migratory choices in
wild, adult, female elk near the townsites of Banff 51°10'N
115°34'W pop. est. 7,850) and Jasper (52°52'N, 118°04'W, pop.
est. 4,500) AB, Canada, each contained in a national park
of the same name. Both townsite areas exhibit high levels of
human disturbance that reduce predatory activity in their vicinity
(Paquet et al., 1996; Goldberg et al., 2014), while providing
anthropogenic and natural foraging opportunities (McKenzie,
2001). Elk in Jasper are partially separated into three herds
with only one making extensive use of the townsite each winter
(Found, 2015). The elk in Banff annually form a single large
over-wintering herd comprised of both migrant and resident elk
that is centered on the townsite. It forms a predator refugium
that is readily apparent when comparing the locations of radio-
collared elk with the snow-tracked paths of wolves (Canis lupus)
and their known Kkill sites of elk (Found, 2015). Wolves are the
main predator of adult elk in Jasper in winter (Dekker et al., 1995)
although cougar (Puma concolor) also hunt near the townsite of
Banff (Kortello et al., 2007) and grizzly bears (Ursus arctos) are an
additional important predator of elk fawns in late spring (Hamer
and Herrero, 1991).

Populations of wild elk in both Banff and Jasper exhibited
behavioral syndromes that we quantified with a composite metric
of personality based on seven different traits that were inter-
correlated and consistently expressed within individuals and
among years (Found and St. Clair, 2016). We used multivariate
statistical techniques to delineate these behavioral types along
intra-population gradients we defined as “shy” to “bold.” We use
these terms as labels to connote broad suites of traits (Wilson
et al.,, 1994), but acknowledge there is high variation in their use
and interpretation by others (Carter et al., 2013). In our system,
bolder elk were characterized by lower flight response distances,
reduced responsiveness to sounds, occupancy of more peripheral
positions within groups, greater exploration of novel objects,
increased vigilance, social dominance over shyer conspecifics,
and a greater frequency of leading other elk to new habitats
(Found and St. Clair, 2016). We used several of these metrics with
captive elk of known birthdates to show that personality was not
influenced by age (Found and St. Clair, 2016).

Using these metrics to define behavioral types made it possible
to determine that elk with bolder personalities were also more
likely to adopt non-migratory, resident strategies. Specifically,
resident elk were more exploratory, had lower flight response
distances, and higher mean dominance rankings (Found and St.
Clair, 2016). In both years and both study populations, individual
personality scores from a multi-variate gradient measured in
winter were a significant predictor of migratory status in the
following summer. In fact, after dividing the elk population
at median values for our composite metric into bold and shy
halves, bold residents outnumbered shy residents with a 3:1 ratio,
whereas bold migrants were outnumbered by shy migrants with
aratio of 1:3. The difference in ratios remained stable throughout
the 3 years of our study (Found and St. Clair, 2016) and
similar between parks, despite the occurrence of sub-populations
in Jasper.

There is no comparable literature with which to compare
ungulate personality to migratory patterns, but personality
appears to contribute to the choice of migratory tactics in
moose (Alces alces; Rolandsen et al., 2017). Personality is likely
involved in the variable expression of migration, also known
as partial migration, that occurs in all migratory taxa, but the
vast movements involved with migration make personality very
difficult to study in this context (Nilsson et al., 2014). Moreover,
the few studies that directly link personality and migration are
difficult to generalize. For example, in a freshwater fish (roach,
Rutilus rutilus), boldness was positively correlated with migratory
movement away from predators (Chapman et al., 2011b). But
in blue tits (Cyanistes caeruleus), migrants were usually sub-
dominant birds that expressed boldness via neophilia, partly
to overcome exclusion from better habitat by dominant birds
(Chapman et al., 2011b).

In our study populations of elk, the apparent importance of
predation risk to the occurrence of behavioral types made it
surprising that we found a similar gradient of shy through bold
individuals in a captive elk population, where predators were
effectively absent and forage was uniformly available (Found and
St. Clair, 2016). Evidence of personality is similarly apparent
for several domestic species (Finkemeier et al., 2018), many
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of which are also protected from natural predators. More
generally, behavioral types appear to result from complex gene-
environment interactions that involve multiple, pleiotropic genes
(Bouchard and Loehlin, 2001; Krueger et al., 2008) that persist
in all populations owing to variable or changing environments
(Dingemanse et al., 2007) and both frequency and density-
dependent effects (Aplin et al, 2014; Nicolaus et al., 2016).
Later, we explore how those factors might contribute to the
maintenance of bold and shy elk and their relevance to migration
and habituation.

We interpret our results from elk to suggest that the relative
advantages of migration for an individual depend on its inherent
personality, which interacts with development, learning, and
environmental context. The environment includes interactions
with people, predators, and conspecifics, as well as forage type
and availability. Despite so many sources of variation, average
personality-based pay-offs are likely to emerge. In our study
system, a bold, neophilic individual, with high tolerance to sound
disturbance, a tendency to occur on the periphery of the herd, and
low vigilance is presumably more likely to discover novel food
sources in a human-dominated area, more likely to be able to
exploit them quickly, and more likely to dominate conspecifics.
Contrastingly, a shy individual with higher vigilance that seeks
natural forage that is abundant, but widely distributed, may
have lower likelihood of predation owing to neophobia and
greater vigilance. Those shy individuals may also be better able
to escape competition via seasonal migration or through reduced
population density (Hebblewhite et al., 2002).

Similar interactions between individuals and their
environments correspond to predictable advantages for well-
known behavioral types in many other species, such as producers
and scroungers (Giraldeau and Beauchamp, 1999), fast vs. slow
explorers (Dingemanse et al., 2003), or proactive vs. reactive
coping styles (Coppens et al., 2010). Each of these dichotomies
may also extend to pace-of-life strategies that correlate with
physiological and life history traits (Réale et al.,, 2010; Careau
and Garland, 2012). All of these contrasting types potentially
impose evolutionary and strategic constraints on individuals via
fitness costs that occur as interacting effects of behavioral types
and environmental context (Smith and Blumstein, 2008). Based
on our observations of behavioral types in elk, we speculated that
several anthropogenic changes to our study landscapes increase
selection for bolder personalities, largely through habituation
to people. In turn, those tendencies increase the fitness benefits
of a resident tactic, but those benefits might be curtailed with
management actions, especially aversive conditioning.

PERSONALITY-DEPENDENT RESPONSES
TO AVERSIVE CONDITIONING

A core purpose of our work to identify behavioral syndromes
in habituated, town-dwelling elk was to determine whether that
information could be used to increase the efficacy of aversive
conditioning as a management technique. Aversive conditioning
has been used primarily to increase human safety, but previously
targeted town-dwelling animals that are disproportionately likely

to be involved in human-wildlife conflict (Kloppers et al,
2005). We now know these animals have consistently bolder
personality types and are less likely to migrate (Found and St.
Clair, 2016). However, aversive condition has also been used
in an effort to increase migratory tendency (Spaedtke, 2009).
Accordingly, we compared elk of different behavioral types
in Jasper before, during and after being exposed to aversive
conditioning consisting of active chases by people and benign
stimuli consisting of slow, non-targeted walking (Found and St.
Clair, 2017). Our aversive conditioning consisted of high-speed
foot pursuits of targeted elk with 10-min durations to create
an energetic consequence of being pursued (Found, 2015) that
might mimic pursuit by coursing predators like wolves (Kloppers
et al,, 2005). Human hunting can also change prey behavior, but
the lacking impact of pursuit may influence space use more than
wariness (Bateson and Bradshaw, 1997).

Somewhat counter intuitively, we discovered that bolder elk in
Jasper responded more strongly to aversive stimuli with increases
in their average flight response distances that were up to five
times greater than those expressed by the shyest elk Found and
St. Clair, 2018). However, bolder animals also returned to their
(originally lower) baseline measures of flight response distances
when the aversive stimuli ceased. In combination, bolder elk
appeared to be more responsive to approaches by humans
whether they were negative or neutral. One year after aversive
conditioning treatment, migrants had retained about half of their
conditioned increases in wariness, whereas residents had lost all
conditioned gains (Found and St. Clair, 2018). The more rapid
loss of conditioned responses suggest that aversive conditioning
programs need to be targeted and consistent to achieve their
desired outcomes, a topic we return to below.

We used the metric of flight response distance to explore
individual variation in responsiveness to the frequency of
aversive conditioning events for an older dataset collected from
elk in Banff (Found et al.,, 2018). There, elk subjected to more
frequent aversive conditioning exhibited greater increases in their
flight response distances, but those elk also exhibited more rapid
returns to baseline flight response distances when conditioning
ceased. As for the Jasper population, the Banff elk with the lowest
flight response distances at the beginning of the study (i.e., those
exhibiting greater habituation) exhibited the greatest changes
in flight response distances during both the conditioning and
extinction periods. Additional work with a captive population
demonstrated that elk can habituate rapidly with either of food-
based conditioning or benign approaches by people, which was
also more rapid for the bolder individuals (Found, 2019).

Other study systems have revealed similar evidence that more
habituated individuals exhibit greater responsiveness to human
activity (Bejder et al., 2009). For example, house sparrows (Passer
domesticus) demonstrated considerable individual variation in
neophobia, measured as a latency to explore a novel object,
while exhibiting consistent tendencies within individuals to
habituate to human disturbance (Ensminger and Westneat,
2012). Similarly, when yellow baboons (Papio cynocephalus)
were introduced to an area with accessible human food, only
some individuals were bold enough to became crop raiders
(Strum, 2010). Juncos (Junco hyemalis) with greater behavioral
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flexibility appear to be pre-adapted to thrive in urban areas
(Atwell et al., 2012). We know of only one other study that
attempted to relate existing habituation behavior to responses
to aversive conditioning. In black bears (Ursus americanus),
more habituated animals were more responsive to aversive
conditioning, although it was the less habituated animals that
exhibited greater recidivism (Mazur, 2010).

To better understand the sources of behavioral variation
among individuals, we studied lateralization in elk by quantifying
the proportion of times each marked individual used its left vs.
right forelimb to dig in the snow to expose edible vegetation
(Found and St. Clair, 2017). In both the Jasper and Banff
study populations resident elk were more ambidextrous (less
lateralized) than migrants in their use of forelimbs, which
we interpreted as equating to increased cognitive flexibility
(Found and St. Clair, 2017). Further evidence that laterality
reflects cognitive flexibility stems from the congruence in the
Jasper population between the conditioning experiments (above)
and laterality. It was the bolder elk, comprised mostly by the
ambidextrous residents, that expressed the most rapid increases
in wariness during aversive conditioning and the most rapid
losses in that response when it was removed. Together, these
results suggest that behavioral flexibility manifested in weakly
lateralized animals contributed to their ability to rapidly identify
benign interactions with humans and habituate accordingly.

Taken together, our studies of elk in the mountain parks
of Banft and Jasper, plus a nearby captive population, firmly
establish the presence of a definable personality gradient in
each population that correlates with migratory tendency (Found
and St. Clair, 2016), responsiveness to aversive conditioning
(Found and St. Clair, 2018; Found et al, 2018), and the
process of habituation (Found, 2019). A further source of this
variation appears to relate to cerebral lateralization (Found and
St. Clair, 2017), which may be especially relevant to predation
risk (Found, 2019). Relationships among different components
of behavior have undeniable management implications (that we
explore below), but they do not reveal the causative agents
that maintain this behavioral variation in populations. Many
others suggest that personality persists as a frequency-dependent
function of changing environments (Dingemanse et al., 2004;
Smith and Blumstein, 2008; Réale et al., 2010). A dependency
on environmental variation makes personality an especially likely
contributor to the dynamics of ungulate migration, which are also
known to respond to environmental change and anthropogenic
habitat (Bolger et al., 2008; Tucker et al., 2018).

The conceptual model we develop in the next section stems
partly from what we know about changes in our study landscapes
over the past century related to elk, human use, and predator
distribution. In Jasper, elk were absent from the park when it
was founded in 1907, introduced from Yellowstone National Park
(US) in 1920, had become hyper-abundant by the 1940, were
extensively culled by wardens until 1970, and stabilized at about
1,000 animals in the 1990’s (Dekker et al., 1995). Meanwhile,
wolves that were abundant in the 1800’ were also effectively
absent when Jasper was established, but gradually increased until
the 1940’s when wolf control began, rebounded when it ceased
(1966), and exhibited stable populations in the 1990’s (Dekker

et al,, 1995). During their era of high population abundance,
elk migrated extensively throughout the park, and the tactic
for year-round residency at low elevations first appeared only
in about 1980, on the heels of increasing elk mortality from
wolves (Dekker et al., 1995; Beschta and Ripple, 2007). Banff’s
history is similar, but occurred a little later, with rebounding
wolf populations in the 1980’ and 90’s gradually increasing the
tendency for elk to congregate near town sites (Hebblewhite et al.,
2002), which may have intensified with the cessation of lethal
control of grizzly bears by about 2000 (St. Clair et al., 2019).

A history of predator control in our study areas amply
demonstrate the capacity elk have to adjust their migratory tactics
to changing environmental circumstances. Indeed, migration
does not appear to be a genetically-fixed strategy in any ungulate
species (reviewed by Berg et al., 2019) although the degree of
plasticity may vary even within species (Cagnacci et al., 2011).
In our Banft study population, between 2010 and 2011, 16% (8 of
50 marked animals) switched tactics and a similar rate occurred
annually in a population adjacent to Banff National Park, most
often by migrants switching to residency (Eggeman et al., 2016).
Rates of switching migratory tactics appear to be 10-20% in
many other ungulate populations (Berg et al., 2019). A capacity
to switch tactics begs a question: how do individuals determine
which migratory tactic optimizes fitness for their own personality
and environment? We develop a model below to show how
(a) how environments undergoing anthropogenic change might
increase selection for bolder behavior via (b) four interacting
ecological drivers, to (c) increase the benefits and, consequently
prevalence, of a resident tactic. Later we describe how aversive
conditioning might be used to increase selection for migration
by increasing the costs of residency. We propose that selection
for boldness results secondarily in the resident migratory tactic,
but with frequency-dependent limits.

A CONCEPTUAL MODEL RELATING
BEHAVIORAL TYPES, ECOLOGICAL
DRIVERS, AND MIGRATORY TACTICS IN
ELK

Most biologists are familiar with the competitive and frequency-
dependent dynamic between hypothetical hawks and doves in
the classic game theory (Maynard Smith and Price, 1973). As
behavioral types, aggressive hawks and docile doves persist in a
population as a mixed evolutionarily stable strategy via specific
proportions that equalize the costs and benefits of the two
strategies. Stable equilibria in mixed strategies of this sort require
that individuals play the tactic suited to their morphological type
(Gross, 1984), but strategies can be flexible within individuals
according to ecological context (Maynard Smith and Price, 1973).
Our system lacks information on the fitness pay-offs that would
support development of a formal ESS, but similar concepts
apply to the conceptual model we develop below and present
schematically (Figure 1). In it, we show how behavioral types
on a bold-shy continuum respond differently, on average, to
several ecological drivers to change the relative fitness of migrant
vs. resident strategies. We follow Chapman et al. (2011a) by
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FIGURE 1 | Selection for animal personality, which we have previously described in elk on a shy-bold gradient, stems from four types of ecological drivers to influence
the relative fitness of migrant vs. resident strategies. We suggest that bolder animals typically accrue more benefits than shy animals when (A) human activity is
prevalent but generates consistently benign encounters, (B) novel types of anthropogenic forage are concentrated close to people, (C) predators are excluded from
areas of high human density to create refugia, and (D) there is increasing competition among individuals, typically because of increased density. All of these conditions
tend to favor a residency tactic (dashed line), but directional selection for bolder personalities is also mediated by the frequency of bold and shy individuals to explain
the presence of a few bold migrants and shy residents. Managers could use these drivers to reduce conflict, that results disproportionately from bolder individuals, by
targeting them with aversive conditioning to limit their habituation to humans, and removing or securing sources of anthropogenic forage, particularly where
encounters with humans are frequent and predators are excluded. The other drivers are less amenable to manipulation because human safety limits tolerance for
predators close to high densities of people and public opinion opposes culling to reduce elk populations.

identifying ecological drivers in the environment that promote
different migratory tactics, but differ in the specific drivers
we name.

The first of our ecological drivers is human activity, which
begins the cascade of landscape changes that favor bolder
individuals. In protected areas, including town sites, where
hunting is not permitted, ungulates have little need to fear or
avoid people, as they do outside of protected areas where humans
sometimes act as predators. As human activity and density
increased in our study areas, the frequency of close, but benign
encounters with humans necessarily also increased. In this and
similar urban contexts, habituation by ungulates to people occurs
rapidly (Honda et al., 2018). Captive elk with bolder personalities
showed a greater tendency to habituate that began when they
were still calves (Found, 2019).

Habituation to people increased opportunity for selection
on personality by the second of our ecological drivers; forage
availability. In the mountain parks of North America, elk
historically foraged on natural vegetation that was widely
distributed and migrated to higher elevations each spring to
follow greening vegetation (Boyce, 1991). Others have suggested
that finding such forage and avoiding competition for it have
been core contributors to migration in ungulates (Fryxell

and Sinclair, 1988; Chapman et al., 2011a). As anthropogenic
development proceeded, novel forage sources in our study area
included mowed parks, school yards, playing fields, golf courses,
palatable ornamental vegetation, and spilled grain from train
cars. Bolder elk are more likely to explore these novel food
sources and more likely to tolerate people or infrastructure
near them.

The third driver is predator distribution and activity.
Historically, predators were well-dispersed in the landscape and
difficult to avoid completely. Migration by small groups of
ungulates lessens aggregation to reduce both detectability and
attractiveness for predators (Hebblewhite et al., 2002). Predator
refugia occur in areas where wildlife have high rates of benign
encounters with people because carnivores are typically more
wary around people than their ungulate prey (Muhly et al,
2011), and because they are actively excluded by managers to
support human safety (Lennox et al., 2018). Such refugia would
be expected to favor bolder individuals that can tolerate closer
proximity to people and their infrastructure, such as townsites
both inside and outside the boundaries of protected areas and,
more generally, in landscapes where predators are consistently
persecuted. Outside of protected areas, human hunters exhibit
similar selection on ungulates (Bateson and Bradshaw, 1997), but
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the effect of personality may differ. There, bolder animals may be
more likely to be shot by human hunters (Ciuti et al., 2012), even
if they are also more likely to learn how to avoid hunters over
time (Thurfjell et al., 2017).

The final driver is interactions with conspecifics, which would
favor bolder animals because they can outcompete shyer animals
that are more submissive. Intraspecific competition necessarily
also interacts with each of the other drivers to provide a
competitive advantage to bolder elk that are also able to share
close proximity with people, physically dominate shyer elk at
concentrated novel food sources, and better compete to exploit
the best opportunities to avoid predators while accessing food.

Many other authors have shown how these four ecological
drivers are among the factors associated with the loss of
migration in ungulates (Berger, 2004, 2007; Bolger et al., 2008;
Tucker et al., 2018), but our model differs by positing that these
changes may result secondarily from selection on personality to
favor bolder individuals. Two important parts of our explanation
are that (a) directional selection for boldness is limited by
frequency-dependent pay-offs and (b) bolder individuals are
described by phenotypes, with little knowledge of the genetic
basis of this behavioral type. The limitations imposed by
frequency dependence are familiar enough from hypothetical
example of hawks and doves, wherein the advantages of
bold behavior are greater amid shy individuals. But another
purpose of the hawk-dove game was to demonstrate the
multiple mechanisms that could produce alternative behavioral
phenotypes. Individuals might exhibit bolder behavior (hawks)
as a fixed genetic strategy, as a context-dependent tactic with
ongoing flexibility, or as a mix of the two via gene-environment
interactions during development. By any of these mechanisms,
higher proportions of bold-acting individuals within a group
necessarily increase per capita competition for food, costs
of agonistic behavior, poorer detection (via vigilance) but
higher attraction (via aggregation) of predators, and higher
susceptibility to parasites and disease. Despite these frequency-
dependent limits, it is easy to imagine that anthropogenic
changes to environments increase the stable proportion of bold
individuals in a population.

The consequences of such directional selection on boldness
could explain why a majority of bold individuals are residents
and a majority of shy ones are migrants, while frequency-
dependent limits to that selection could explain why some
animals exhibit the opposing relationship as bold migrants or shy
residents. As a minority, shy residents might exploit the food-
finding ability of the bolder animals, while increasing herd-level
security near humans. Shy elk might also benefit from associating
with large groups that attract cleaner birds into mutualistic
interactions to remove ectoparasites that favor shyer elk almost
exclusively (Found, 2017a). Conversely, bold migrants would be
at a competitive advantage in groups of shyer individuals when
they encounter concentrated, but limited, sources of natural
foods. For example, in winter it is quite common for shy
and submissive animals to dig through the snow to access
underlying forage, only to then have bolder animals physically
displace them and eat the forage without the effort of finding
or exposing it (R. Found, personal observation). The mapping

of personality to migratory tactic might be further blurred by
the ongoing interactions between types. For example, habituation
by shyer elk might be accelerated via imitation in the presence
of bolder elk (Found, 2019). Despite the frequency-dependent
limits to directional selection and diversity of interactions among
conspecifics, environmental change has often favored bolder
animals to increase the proportion of residents and create several
challenges for wildlife managers.

MANAGEMENT IMPLICATIONS OF
PERSONALITY IN UNGULATES

Our conceptual model (Figure 1) reveals how the best way to
limit the positive feedback between resident migratory strategies
and boldness behavior that is otherwise favored by anthropogenic
landscape change is to exert contrary effects on the drivers
themselves. Of the four drivers we present, eliminating predation
refugia through predator redistribution is presumably off the
table; managers can educate the public to avoid worsening
human-carnivore conflict in a variety of ways (Baruch-Mordo
et al, 2011), but they cannot invite predators into town sites
and other areas with concentrated use by people. Similarly,
anthropogenic forage is already recognized as a contributor
to human-wildlife conflict (Newsome et al., 2015) and it is
increasingly managed to limit associated ecological problems
(Nyhus, 2016). Its availability to elk is limited in Banff and
Jasper via ungulate fencing (Shepherd and Whittington, 2006),
exclosures around palatable vegetation, and efforts to reduce
grain spills on railways near townsites (St. Clair et al., 2019),
although more could be done. Predator-resembling aversive
conditioning is a tool that can manipulate the first driver by
making encounters with people less benign, but also influences
the third driver by decreasing the benefits afforded to animals
using refugia. However, refinement is needed in the way it is
practiced and its goals need to be articulated clearly.

To be effective at restoring wariness to increase human
safety, aversive conditioning would need to increase the costs of
proximity to people via association with aversive stimuli that are
immediate, initially intense, consistently applied, evolutionarily
relevant, and unpredictable in space or time (after Conover,
2001; Domjan, 2014). To limit adoption of the resident tactic
that results from boldness, aversive conditioning needs to be
even more specific. It was possible to shift the short-term
distribution of elk by targeting individual animals repeatedly
with evolutionarily-relevant chases (Kloppers et al., 2005) and
we expanded that approach by identifying bold animals (Found
and St. Clair, 2016), using isolation to increase the costs of
being targeted (Found and St. Clair, 2018), and determining the
frequency of conditioning that minimizes extinction of learned
wariness (Found et al.,, 2018). Others have shown that learned
wariness by habituated animals will gradually disappear if the
aversive stimulus is removed (Lattal and Lattal, 2012) and that
frequent, low-intensity conditioning can generate habituation
(Powell et al., 2016). Synthesis of laboratory studies predict
that the products of aversive conditioning can be maintained
with lesser effort than is required to initiate a conditioned
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response (Domjan, 2014), but more work will be needed to know
what types and frequency of aversive conditioning are needed
to achieve long term management objectives for public safety,
migratory behavior, and ecological goals.

Ideally and more generally, aversive conditioning opposes
directional selection on bold personality types, reducing the
benefits of a resident tactic in ungulates by restoring a “landscape
of fear” which is especially likely if perceived risks apply
to calves (Laundre et al, 2001). By increasing the need for
vigilance and other energetically costly anti-predator behaviors,
aversive conditioning could reduce the benefits of a predator
refugia provided by people in urban areas. Effective aversive
conditioning could have a similar effect to the presence of wolves
which, even days previously, can cause profound increases in the
wariness of elk (Creel et al., 2005; Found and St. Clair, 2016).
By contrast, culling animals via shooting removes the target
animal, but does not seem to alter the distribution or behavior
of any of the surviving animals, even if they witnessed the
death of a conspecific (R. Found, personal observation). Aversive
conditioning is also widely viewed as more ethical than either
of lethal management (Koval and Mertig, 2004) or translocation
(Whitwell et al., 2012).

Despite the uncertain effect and frequent public opposition
to lethal management of urban ungulates (Dandy et al., 2012),
it has been promoted as a necessary consequence of selection
for bold, habituated deer that inhabit urban areas around
the world (Honda et al., 2018). These authors acknowledged
that inadvertent selection by humans for bolder behavior by
ungulates can occur rapidly via behavioral flexibility to cause
human-wildlife conflict and other management problems. Many
managers see the situation similarly, partly because human injury
by wildlife is both grave and potentially litigious. In Banff,
managers culled 10-20 resident individuals annually for most of
the last two decades and a similar practice was common in Jasper
in the 1960’s and 70’s. In effect, they were attempting to oppose
the directional selection on bold behavior that supports the
switch by migrants, typically shyer, to a resident tactic. Beyond
the problem of public opposition, our conceptual model suggests
that culling cannot solve the problem of selection for bolder
personalities because boldness itself is relative phenotype in this
(and perhaps any) population that results from a combination
of behavioral flexibility, genetic differences in temperament, and
gene-environment interactions, such as developmental plasticity.
Culled individuals are easily and rapidly replaced by the next
boldest individuals in the population. These predictions are
supported by the fact that the ratio of residents:migrants in Banff,
along with mean metrics of boldness, did not change during our
study despite ongoing culling of resident elk, which were almost
exclusively the bolder individuals.

CONCLUSIONS

In our paper, we reviewed our past work addressing the
contribution of animal personality to the problem of
non-migratory, habituated elk in mountain town sites.
We showed that personality metrics can be developed for

wild ungulates (Found and St. Clair, 2016) and used to
interpret responses to management actions that include aversive
conditioning (Found and St. Clair, 2018; Found et al.,, 2018). In
elk, personality appears to relate to expressions of behavioral
laterality, which may signal cognitive flexibility (Found and
St. Clair, 2017). A suite of personality metrics influence
social dynamics in elk (Found and St. Clair, 2016), herd-level
behaviors (Found, 2017b), and may also extend to inter-specific
interactions (Found, 2017a). Similar personality gradients have
been found in diverse species and ecological contexts (Sih et al.,
2012) and certainly occur in other ungulates that could be
similarly studied in the wild.

We synthesized our past work on habituated elk to develop
a conceptual model to show how changes in human behavior,
forage availability, predator distribution, and conspecific
interactions have favored bolder individuals to contribute
to the loss of migration. Specifically, individuals with bolder
personalities are more likely to exploit human-dominated areas
because they are quicker to discover novel food resources and
learn that predators avoid these areas. The same personality
and laterality characteristics make these animals more likely
to habituate to people, further amplifying their benefits and
reducing their costs of co-occurrence. We described how
managers might limit this selection on boldness with aversive
conditioning that consistently imposes costs on targeted, bold
individuals. We also suggested that culling the bolder individuals
is unlikely to solve management challenges stemming from
boldness because it is partially caused by behavioral flexibility
that responds rapidly to changing circumstances that include the
distribution of personalities in a population.

Similar implications of inadvertent selection on ungulate
personality may apply to other populations of migratory
ungulates and extend well-beyond the problems caused by
habituation and residency. For example, selection of animals
to support captive breeding or enhance the genetic diversity
of declining populations could also inadvertently target the
bolder, neophilic individuals that are easier to catch or maintain
in captivity (McDougall et al., 2006). The subset of bolder
individuals and their descendants might be less likely to survive
if they are translocated or reintroduced to landscapes containing
predators or hunters (Smith and Blumstein, 2008; Ciuti et al.,
2012). Similarly, the prevalence of conservation-relevant research
based on GPS-collared animals may impose a systematic bias
toward individuals with personalities, not just age and sex
distributions, that are more likely to be captured in the first place
(Merrick and Koprowski, 2017).

A major limitation of using personality in wildlife
management is the paucity of studies that combine those
contexts, despite rapid increases in personality research on many
species (Dingemanse et al., 2012). Behavioral studies of animal
personality are urgently needed for ungulates, whose large size
and gregarious tendency can cause rapid changes to habitat
(Polfus and Krausman, 2012). Personality-mediated choices
of migratory tactics in our study populations may offer some
general insights for the loss of migratory behavior in ungulates
around the world (Berger, 2004; Bolger et al., 2008; Tucker
et al,, 2018). Similar selection for bold and behaviourally flexible
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individuals is likely occurring for hundreds of other synanthropic
species owing to the rapid rate of human population growth
and urbanization (Walter et al., 2010). For ungulates, additional
interacting effects include climate change (Tucker et al., 2018),
urbanization and habituation of predators (Bateman and
Fleming, 2012), and declines in predators overall (Ripple et al.,
2014). Wildlife managers of the Anthropocene urgently need
more tools, which should include better understanding and use
of animal personality (Sih et al., 2012; Merrick and Koprowski,
2017).
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