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Conservation translocations, which involve the intentional movement and release of
organisms for conservation benefit, are increasingly required to recover species of
conservation concern. In order to maximize post-release survival, and to accomplish
conservation translocation objectives, animals must exhibit behaviors that facilitate
survival in the wild. The Vancouver lIsland marmot (Marmota vancouverensis) is a
critically endangered endemic in Canada which has been captive-bred for 24 years for
reintroductions and reinforcements that have increased the wild population from ~30 to
more than 200 individuals. Despite this success many marmots are killed by predators
after release and predation represents a major hurdle to full marmot recovery. To better
understand if captive-bred marmots are prepared for the novel environment into which
they will be released, and to determine whether such suitability changes over time, we
presented taxidermy mounts of mammalian predators and non-predators to marmots
that were wild-caught, and captive born for between one and five generations. We
also examined mortality of offspring from marmots we tested that had been released
to the wild. A minimum of 43% of offspring were killed by predators in the wild over 17
years, most by cougars. Marmots in captivity generally responded to taxidermy mounts
by decreasing foraging and increasing vigilance, and overall responded more strongly
to predators than non-predators, especially wolves. However, marmots in captivity for
more than two generations lacked discrimination between cougars, non-predators, and
controls, suggesting a rapid loss of predator recognition. This study was only possible
because predator-recognition trials were initiated early in the conservation translocation
program, and could then be repeated after a number of generations. The finding that
changes occurred relatively rapidly (within five generations during which changes in
genetic diversity were negligible) suggests that behavioral suitability may deteriorate
more rapidly than genetics would suggest. Strategies addressing potential behavior loss
should be considered, including sourcing additional wild individuals or pre-release training
of captive-born individuals. Subsequently, post-release survival should be monitored to
determine the efficacy of behavior-optimization strategies.
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INTRODUCTION

With one million species at risk of extinction (IPBES, 2019),
conservation interventions are critical to retain biodiversity.
Conservation translocations involve intentional movement of
species from one location to another to restore populations
and ecosystems (IUCN/SSC, 2013) and have improved the
conservation status of many species (Hoffmann et al., 2010,
2015). There is a growing realization that knowledge of behavior
is important for successful conservation science (Greggor et al.,
2016) which is especially true for translocations (Berger-Tal et al.,
2020). In North America alone, 58% of species in conservation
translocation programs have captive breeding as a component
of the program (Brichieri-Colombi et al, 2018). However,
captive breeding for translocation creates significant challenges
associated with managing the genetics, fertility, health, behavior
and reproduction of extremely small populations.

Post-release behavior can affect the fate of individuals in
many ways and thus can impact the ultimate success of a
translocation project (Berger-Tal et al., 2020). Mortality in the
wild due to predation post-release is a major challenge (Moseby
et al,, 2011; Brichieri-Colombi and Moehrenschlager, 2016), and
especially plagues individuals released from captive populations
(Griffin et al., 2000; Harrington et al., 2013). Wild animals
entering a conservation breeding program are exposed to a novel
environment, one where they are typically raised in a relaxed
selective environment with abundant food, no mate competition,
and no natural predators where they will likely become naive to
conditions in the wild (i.e., captive selection; Frankham et al.,
1986). Further, the risk of captive selection increases with the
number of generations a population has remained in captivity
(Swaisgood, 2010). Once captive-born individuals are released
into the wild they are exposed to a novel environment as well;
one where they must learn to forage and evade predators.

Many animals make tradeoffs between remaining vigilant to
avoid predators and focusing attention on other fundamental
aspects of life, such as foraging (Houston et al, 1993). Life
in captivity will affect these tradeoffs as the frequency with
which animals encounter predators influences how strongly they
will respond to predators at each encounter. Individuals that
are infrequently at high risk of predation will respond more
strongly on those rare occasions when predators are present (i.e.,
the Predation Risk Allocation hypothesis; Lima and Bednekoft,
1999). Therefore, one effect of a life in captivity without predators
may be that individuals increase their responses to predators
over time. While increasing vigilance can be beneficial to avoid
predators, it can come at a cost, as animals may need to reduce
other behaviors, like foraging (Fortin et al., 2004), in order to
allocate more time to vigilance. This potential shift in behavior
should be of concern for any captive breeding program that
plans to reintroduce animals back to the wild. Conservation
breeding and reintroductions are often long-term endeavors with
many programs lasting for decades [e.g., the Arabian Oryx (Oryx
leucoryx) 40 years, (Islam et al., 2013); whooping crane (Grus
americana) 70 years, (Barrett and Stehn, 2010); and black-footed
ferret (Mustela nigripes) more than 30 years, (Jachowski et al.,
2011)]. Given the length of these programs and the possibility of

captive selection it is prudent to monitor behavior within captive
and wild populations of conservation translocation programs
over time.

Conservation translocations should include behavioral
monitoring (IUCN/SSC, 2013). In addition to long-term
monitoring, experts have been calling for increased use of
rigorous experimental design and evidence-based decisions
within conservation translocation science (Seddon et al,
2007). Replicating studies of endangered or threatened species
is not always possible for many reasons, in part due to
resource limitations and small samples sizes (Shaw et al,
2021), making those few studies that are possible even more
valuable. However, studies with small sample sizes must be
interpreted with caution and statistical analyses must be applied
appropriately (Bissonette, 1999).

Vancouver Island marmots (Marmota vancouverensis;
hereafter, marmots) are social, ground dwelling, rodents
endemic to Vancouver Island, Canada and are listed as Critically
Endangered on the IUCN Red List (Roach, 2017). In 1997 a
conservation breeding program was deemed necessary to help
save the species (Casimir et al., 2007), which had declined to
~30 individuals in the wild. The wild population of marmots
has increased to ~200 individuals through reintroductions
from 2003 to 2020 (Marmot Recovery Foundation, 2020) with
an additional ~100 currently in captivity. Recent studies have
shown that predation is the leading cause of mortality for
marmots in the wild and captive-born marmots have lower
annual survival than wild-born marmots post release (Aaltonen
et al, 2009; Jackson et al, 2016). Captive-born individuals
may have reduced or altered predator recognition abilities or
anti-predator behaviors as a result of their captive environment
(McPhee, 2003; Blumstein et al., 2004). Indeed, Vancouver Island
marmots remain vulnerable to predation by wolves, cougars, and
golden eagles in the wild (Vancouver Island Marmot Recovery
Team, 2017).

Between 2002 and 2004, Blumstein et al. (2006) tested captive
marmots for their ability to discriminate between mammalian
predators and non-predators. Behavioral observations indicated
that wild-born and captive-born marmots were equally able
to discriminate between predators and non-predators while
in captivity (Blumstein et al., 2006). These findings were
encouraging for the reintroduction program. However, the
reduced survival of captive-born marmots relative to wild-
born conspecifics (Lloyd et al, 2018) begs further research
into their captive environment and behaviors. Even with higher
post-release survival from a novel “stepping-stone” release
approach, where individuals were released to a relatively safe and
established site known for high survival, before being moved to a
final release site, Lloyd et al. (2018) call for research as to how to
best prepare marmots in captivity before reintroduction.

Here, we build on Blumstein et al. (2006) by repeating the
previous study with new individuals including those that have
been captive for additional generations. We seek to determine
if there is a compounding effect on anti-predator behavior as
marmots are in captivity for increasing generations. Additionally,
we add a pilot study testing marmot discrimination between
avian predators and non-predators. Given the marmots we test
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will be released to the wild or have offspring released, the way
they respond to predators in captivity may, ultimately, influence
species recovery. Being moved into a novel environment presents
challenges for any animal, and this is particularly true when
animals that have lived their whole lives in the relative safety of
captivity are released into the wild. The objective of this study
is to provide insight into the effect that multiple generations of
captive living have on anti-predator behavior and the relationship
between that behavior and potential mortality in the wild.

MATERIALS AND METHODS
Study Species and Location

Marmots live in polygynous colonies with one or more family
groups, are semi-fossorial, and hibernate in burrows for over 200
days each year. Female marmots can breed as early as 2 years of
age, but typically first reproduce when 3 or 4 years old. Marmots
in the wild have been recorded living 10 years (Bryant, 2005) and
in captivity marmots live up to 14 years. Marmots are found in
sub-alpine meadows at high elevations (COSEWIC, 2008).

Predator discrimination trials were conducted from July-
August each year, from 2016 to 2018 following Blumstein
et al. (2006). Marmots were tested at the Devonian Wildlife
Conservation Center (DWCC), an off-site conservation breeding
facility of the Calgary Zoo located ~30km south of Calgary,
Alberta, Canada. Marmots were housed in enclosures that had
both indoor and outdoor sections. Marmots were constrained
to outdoor sections of their enclosures and only one marmot
was allowed into the outside section at a time so that marmots
were not responding to their neighbors. The outdoor section was
a yard (either 3.7 x 1.8 m or 3.6 x 3.4m) giving the marmots
a view of the surrounding area and adjacent enclosures. Each
outdoor space had three hay bales; two bales on the ground
with a gap between them, and a third bale on top. The gap
between the two bales on the ground left a space large enough
for the marmot to enter where it could hide. Barriers were placed
between adjacent outdoor enclosures to ensure that each marmot
was only exposed to experimental stimuli at the appropriate time.
Video cameras (HikVision 3 Megapixel Ultra HD IP Camera;
Bordo Security, Calgary) were installed in each outdoor enclosure
to record the marmot’s behavior. For smaller enclosures, one
camera was mounted in the center of the roof, whereas, for larger
enclosures two cameras were mounted at the top on opposite
corners. All marmots that were available for testing from this
captive population were included. To reduce stressors, we did not
test animals that reproduced in a given year.

Mortality in the Wild

The majority of captive-born marmots are released onto
mountains within the Nanaimo Lakes and Strathcona regions
on Vancouver Island with some being released into extra-
liminal colonies (Jackson et al., 2016). As part of the overall
recovery program for marmots, post-release survival monitoring
is conducted every year by the Marmot Recovery Foundation.
Marmots are tracked post-release using VHF telemetry and
whenever possible, remains are recovered to determine the cause

of mortality (Jackson et al., 2016; Marmot Recovery Foundation,
2020).

Predator Discrimination

Marmots were exposed to taxidermy mounts of predators and
non-predators; see Blumstein et al. (2006) for photos of mounts.
Each mount was placed on a wheeled cart and rolled along a
track ~2m from the marmots’ enclosures. Blinds were placed
at each end of the track which hid the taxidermy mount from
the marmot’s view before a trial was started and in which an
observer could hide and pull the cart along the track via string
and pulley reel. The track and blinds were set up at least 2 days
before the trials were run to allow the marmots to acclimatize to
the new equipment. Following Blumstein et al. (2006), each target
marmot was exposed to four mammalian stimuli (marmot, goat,
wolf, and cougar), and two procedural controls-the cart alone,
and a blank where no stimulus was presented. These mammalian
taxidermy mounts, cart, and tracks were the same as used in
the previous study and each stimulus was presented to each
marmot a single time. Starting in 2017, we also included four
avian stimuli mounted in a perched position and tested the avian
mounts on 10 marmots, see Supplementary Materials for details
on avian trials.

Trials were conducted in the mornings from 07:00 h to noon,
or until the temperature reached 25°C. For each trial the marmot
was baited (with carrots, lettuce, or leaf-eater biscuit) to a central
location in their enclosure on top of the stacked hay bales. Trials
started once the marmot was calmly eating. Stimuli were pulled
at a consistent rate until directly in front of the target marmot’s
enclosure, where they remained for 1 min. Subsequently, each
stimulus was pulled into the researcher’s blind and out of sight
of the target marmot. The marmots were recorded on video for
1 min before each stimulus was presented, for 1 min with each
stimulus in sight, and for 2 min after the stimulus was returned
to a blind. The stimuli were presented to the marmots in a
randomized order based on a Latin square design (Bradley, 1958).
We waited at least 1h between tests of marmots that formed a
mating pair. Each marmot was exposed to a maximum of two
stimuli per day, with the second stimulus being presented only
after the marmot’s behavior returned to a natural baseline and at
least an hour had passed since the previous presentation. If the
target marmot alarm called during the stimulus presentation, we
waited at least 30 min before testing the next marmot to minimize
possible carry-over effects. Because this study was conducted over
3 years (2016-2018) not all marmots were exposed to all stimuli
in the same year.

Videos were scored by an observer that was unaware of
which marmot they were watching and which stimulus was
being presented. The videos were scored in JWatcher version
1.0 (Blumstein et al.,, 2020), and followed the same ethogram
used by Blumstein et al. (2006). We focused on the proportion
of time that marmots spent doing three sets of behaviors; (1)
Foraging (head down ingesting food, or manipulating food with
their paws); (2) Vigilant at the burrow or in the burrow (head
raised, not manipulating food with their paws while standing
near the burrow entrance or inside the pile of hay bales out of
sight); and (3) High vigilance away from the burrow (standing
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on their hind legs and looking while more than one body length
away from the burrow entrance).

Data Analysis

We conducted statistical analyses in RStudio (RStudio Team,
2020) following Blumstein et al. (2006) and combined all
marmots from Blumstein et al. (2006) and this study for analysis.
We fitted mixed-effect models using the glmmTMB package
(Brooks et al., 2017) assuming a beta distribution (logit link) for
each of the three behaviors of interest (foraging, vigilance, and
high vigilance). We divided marmots into three groups based on
origin; wild caught, first and second generation captive born, and
third, fourth, and fifth generation captive born. Furthermore, for
analysis the 1 min focal period while the stimulus was present
was divided into four 15s time bins so that we could capture
the immediate response and potentially track changes in response
over time. We fitted models with stimulus order, generations in
captivity, age, sex, stimulus type, and time bin as fixed effects,
along with the interactions between origin, stimulus, age, sex,
and time bin. We also included two random effects; a marmot
ID which was unique to each individual and testing site which
was one each of the three sites where testing was conducted. In
2002-2004 trials were conducted at all three sites, while those
conducted from 2016-2018 were all conducted at the same site.
We chose fixed effects, random effects, and interactions based on
our knowledge of marmots and our study objective. We selected
candidate models to include all fixed effects and interactions of
interest. Due to our sample size we could not include a global
model with all interactions and fixed effects together because such
a model would not converge. Therefore, we instead selected our
most highly parameterized model as the global model (Burnham
and Anderson, 2002). We also fitted models with each of the
fixed effects alone, and one with the intercept only. We calculated
goodness of fit statistics based on our global models using the
r2_nakagawa function from the Performance package (Liidecke
et al,, 2021), calculated AICc values and AICc weights using the
MuMlIn package (Barton, 2020) and ranked all models by AICc
values (Burnham and Anderson, 2002). We conducted model
averaging using the model.avg function from the MuMIn package
(Barton, 2020). Avian stimuli were also analyzed following the
above methods (Supplementary Materials).

Marmots allocated no time to high vigilance away from the
burrow in >90% of trials. With such high zero-inflation, models
did not converge and did not produce interpretable results,
therefore we did not include this behavior in further analyses.

RESULTS

Of the 34 marmots tested (21 from 2002-2004 and 13 from
2016-2018), 17 were wild-caught (male n = 13; female n = 4),
and 17 were captive born. Eleven (male n = 7; female n = 4)
of 17 captive-born marmots were first or second generation in
captivity, and six marmots (male n = 4; female n = 2) were
third, fourth, or fifth generation in captivity. The marmots ranged
in age from one to 10 years (mean 3.0 & 2.5 SD), 10 marmots
were female, and 24 were male (Supplementary Table 1). Ten
of 34 marmots presented with the mammal taxidermy mounts

were also exposed to the avian taxidermy mounts, and the cart
with pedestal (see Supplementary Materials for avian results).
The 60 s period before stimuli were presented was omitted from
analysis after running an ANOVA for each response variable and
finding no relationship between any behavior and the stimulus
each marmot was later presented with (Foraging; DFn = 5, DFd
= 165, F = 1.059, p = 0.385; Vigilance; DFn = 5, DFd = 165,
F = 1.774, p = 0.121). We also omitted the second minute post
stimulus presentation because we removed the mount at 60 s and
this confounded interpretation.

Mortality in the Wild

Between 2003 and 2020, 96 marmots that had at least one parent
tested for predator discrimination were released and monitored
in the wild using VHF telemetry. Of the 96 offspring released
over 17 years, 53 marmots were confirmed dead (unpublished
data, Marmot Recovery Foundation). Of these 53 marmots, 23
(43%) were killed by predators, (14 killed by cougars, five killed
by eagles, and six marmots killed by an unknown predator); 14
(26%) died during hibernation, and 16 (30%) died from unknown
or other causes. In addition to these 53 marmots, the fate of 40
marmots is unknown and three marmots released in 2020 are
likely still alive.

Nine marmots tested between 2002 and 2004 were released
to the wild, and none of the marmots tested between 2016 and
2018 have been released. Of these nine marmots, three were killed
by predators (two by cougars; one by an eagle) and four died of
other causes, during hibernation, or for unknown reasons. Eight
of nine marmots died in the year they were released, and one
survived in the wild for 8 years.

Predator Discrimination

The global model for vigilance included interactions between
generations in captivity, age, stimulus, and time, and both order
and sex without interactions (DF = 149, log likelihood = 3,988.4,
AICc = —7,611.7, AAICc = 289.5, Conditional R?> = 0.476,
Marginal R? = 0.349) and had random effect variances of 5.026e-
09 + 7.089¢-05 SD for Site, and 0.163 % 0.403 SD for ID. The
top model for vigilance included only generations in captivity,
stimulus, and the interaction between these two variables and had
an AICc weight of 0.274 (Table 1). When the interaction between
generations in captivity and stimulus was removed (Model 14;
Table 1) the model weight decreased to 0.003 suggesting the top
model is 91.3 times more likely to be the best model (0.274/0.003;
Zuur et al., 2009). The global model for foraging also included
interactions between generations in captivity, age, stimulus, and
time, and both order and sex without interactions (DF = 149,
log likelihood = 2,991.4, AICc = —5,617.7, AAICc = 2444,
Conditional R?* = 0.704, Marginal R* = 0.413) and had random
effect variances of 0.103 % 0.322 for Site and 0.447 £ 0.668
SD for ID. The top model for foraging had a weight of 0.242
and included order, age, stimulus, and time (Table 2). When
generations in captivity or sex were added to this top model
the weights dropped to 0.181 and 0.168 respectively (Table 2).
The interaction between generations in captivity and stimulus
is not retained in any of the top models for foraging (Table 2)
and adding generations in captivity to the top model results in a
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TABLE 1 | Candidate models for the proportion of time marmots allocated to vigilance or time in the burrow ranked by AlCc weight, with degrees of freedom (DF),
log-likelihoods, AlCc values, AAICc values, and AICc weights.

Model Model DF Log-likelihood AICc AAICc AICc weight
number

1 Vigilance ~ gencap + stimulus + gencap:stimulus + (1[ID) + (1|Site) 21 3,972.2 -7,901.2 0.00 0.274
2 Vigilance ~ order + gencap + stimulus + gencap:stimulus + (1/ID) + (1/Site) 22 3,973.0 —7,900.6 0.55 0.208
3 Vigilance ~ age + gencap + stimulus + gencap:stimulus + (1]ID) + (1/Site) 22 3,972.4 —7,899.5 1.63 0.121
4 Vigilance ~ sex + gencap + stimulus + gencap:stimulus + (1]ID) + (1|Site) 22 3,972.3 —7,899.2 1.95 0.103
5 Vigilance ~ order + age + gencap + stimulus + gencap:stimulus + (1ID) + (1/Site) 23 3,973.2 —7,899.0 2.19 0.092
6 Vigilance ~ order + sex + gencap + stimulus + gencap:stimulus + (1]ID) + (1|Site) 23 3,973.0 —7,898.7 2.51 0.078
7 Vigilance ~ age + sex + gencap + stimulus + gencap:stimulus + (1[ID) + (1/Site) 23 3,972.4 —7,897.5 3.71 0.043
8 Vigilance ~ order + age + sex + gencap + stimulus + gencap:stimulus + (1]ID) + (1|Site) 24 3,973.2 -7,896.9 4.28 0.032
9 Vigilance ~ time + gencap + stimulus + gencap:stimulus + (1/ID) + (1|Site) 24 3,972.6 —7,895.6 5.55 0.017
10 Vigilance ~ age + time + gencap + stimulus + gencap: stimulus + (1|ID) + (1/Site) 25 3,972.8 —-7,894.0 7.19 0.008
11 Vigilance ~ sex + time + gencap + stimulus + gencap: stimulus + (1]ID) + (1|Site) 25 3,972.7 -7,893.7 7.51 0.006
12 Vigilance ~ order + age + time + gencap + stimulus + gencap: stimulus + (1]ID) + (1|Site) 26 3,973.6 —7,893.4 7.78 0.006
13 Vigilance ~ order + sex + time + gencap + stimulus + gencap: stimulus + (1]ID) + (1|Site) 26 3,973.4 -7,893.1 8.10 0.005
14 Vigilance ~ gencap + stimulus + (1[ID) + (1/Site) 11 3,957.2 —7,892.2 9.02 0.003
15 Vigilance ~ age + sex + time + gencap + stimulus + gencap:stimulus + (1]ID) + (1|Site) 26 3,972.8 —7,891.9 9.28 0.003
16 Vigilance ~ order + gencap + age + sex + stimulus + time + gencap: stimulus + (1|ID) + (1|Site) 27 3,973.6 -7,891.3 9.87 0.002

All candidate models with AICc weight of zero included in Supplementary Materials.

TABLE 2 | Candidate models for the proportion of time marmots allocated to foraging ranked by AICc weight, with degrees of freedom (DF), log-likelihoods, AlCc values,

AAICc values, and AlCc weights.

Model number  Model DF  Log-likelihood AlCc AAICc  AICc weight
1 Foraging ~ order + age + stimulus + time + (1|ID) + (1|Site) 14 2,945.3 —5,862.1 0.00 0.242
2 Foraging ~ order + gencap + age + stimulus + time + (1[ID) + (1Site) 16 2,947 1 —5,861.5 0.57 0.181
3 Foraging ~ order + age + sex + stimulus + time +(1ID) + (1/Site) 15 2,946.0 —5,861.3 0.72 0.168
4 Foraging ~ order + gencap + stimulus + time + (1[ID) + (1/Site) 15 2,945.6 —5,860.6 1.43 0.118
5 Foraging ~ order + sex + stimulus + time + (1/ID) + (1|Site) 14 2,944.5 —5,860.5 1.62 0.113
6 Foraging ~ order + gencap + age + sex + stimulus + time + (1ID) + (1/Site) 17 2,947.4 —5860.1 2.00 0.089
7 Foraging ~ order + gencap + sex + stimulus + time + (1/ID) + (1/Site) 16 2,946.3 —5,860.0 2.07 0.086
8 Foraging ~ order + age + stimulus + age:stimulus + (1/ID) + (1/Site) 16 2,942.0 —5,851.3 10.79 0.001

All candidate models with AICc weight of zero included in Supplementary Materials.

decrease in model weight from 0.242 to 0.181 (Table 2). Models
for both behaviors of interest which had AICc weights <0.001
and are presented in Supplementary Materials.

Marmots decreased foraging and increased vigilance at the
burrow or time in the burrow in response to all avian stimuli
relative to the blank (Supplementary Material).

Marmots responded to all mammal stimuli by decreasing
foraging, and responded more strongly to the wolf than any other
stimulus by decreasing foraging and increasing vigilance at the
burrow or time in the burrow. The greatest decrease in foraging
relative to the blank was in response to the wolf, followed by the
cougar, then goat, marmot, and cart (Figure 1; Table 3).

After decreasing foraging when each stimulus was presented,
marmots gradually resumed foraging; relative to the first 15 s time
bin of the presentation minute marmots allocated more time to
foraging in the second, third, and fourth 15 s time bins (Figure 1;

Table 3). Presenting stimuli to the marmots following a Latin
squares design allowed us to control for the effect of presentation
order and, not surprisingly, as trial number increased marmots
allocated more time to foraging (Table 3).

Aside from decreasing foraging relative to the blank, marmots
also allocated more time to vigilance at the burrow or time in
the burrow (Figure 2). Our average mixed-effects model suggests
marmots allocated significantly more time to vigilance at the
burrow or time in the burrow (Figure 2) when presented with
the wolf relative to the blank, however there were no significant
differences relative to the blank for any other stimulus (Table 3).

Origin and Changes Over Generations

Wild-caught marmots increased vigilance and decreased foraging
relative to the blank in response to all avian stimuli and
the greatest responses exhibited were to the eagle and owl.
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FIGURE 1 | Mean proportion of time and 95% Cl per 15 s time bin that marmots (n = 34) spent foraging when presented with each of four mammal taxidermy
mounts, a cart, and when a blank was scored. Baseline value represents proportion of 60 s prior to the stimulus being presented that marmots allocated to foraging.

TABLE 3 | Model average mixed-effects models for the proportion of time Vancouver Island marmots (n = 34) allocated to behaviors of interest in response to taxidermy
mounts of mammals, as well as an empty cart and a blank, where no stimulus was presented.

Vigilance at burrow or in burrow Foraging
Variable Estimate SE z P Estimate SE z P
Intercept -1.501 0.212 7.075 <0.001 -0.324 0.398 0.813 0.416
Order 0.014 0.023 0.588 0.557 0.114 0.025 4.485 <0.001
Captive-born 1st, 2nd -0.028 0.278 0.100 0.920 0.164 0.258 0.636 0.525
Captive-born 3rd, 4th, 5th 0.008 0.353 0.023 0.982 -0.197 0.318 0.619 0.536
Age -0.017 0.052 0.322 0.747 0.158 0.152 1.035 0.301
Sex M 0.017 0.096 0.171 0.864 -0.169 0.276 0.612 0.541
Cart 0.062 0.208 0.295 0.768 -0.992 0.156 6.352 <0.001
Goat 0.342 0.212 1.612 0.107 -1.348 0.159 8.481 <0.001
Marmot 0.253 0.211 1.194 0.232 -1.319 0.158 8.355 <0.001
Wolf 0.890 0.216 4.107 <0.001 -1.665 0.160 10.378 <0.001
Cougar 0.265 0.212 1.253 0.210 -1.503 0.160 9.401 <0.001
Time bin 2 -0.002 0.028 0.058 0.954 0.277 0.123 2.257 0.024
Time bin 3 -0.003 0.031 0.111 0.912 0.422 0.124 3.406 0.001
Time bin 4 -0.005 0.034 0.139 0.889 0.445 0.125 3.561 <0.001
Captive-born 1st, 2nd Cart -0.048 0.332 0.144 0.886 - - - -
Goat 0.014 0.336 0.043 0.966 - - - -
Marmot -0.032 0.334 0.096 0.923 - - - -
Wolf -0.415 0.340 1.218 0.223 - - - -
Cougar 0.529 0.341 1.551 0.121 - - - -
Captive-born 3rd, 4th, 5th Cart 1.048 0.429 2.441 0.015 - - - -
Goat 1.623 0.431 3.766 <0.001 - - - -
Marmot 1.403 0.428 3.277 0.001 - - - -
Wolf 1.410 0.426 3.307 0.001 - - - -
Cougar 1.307 0.428 3.048 0.002 - - - -

Full model average results, including additional parameters with estimates between 0.001 and —0.001 included in Supplementary Materials.

However, third, fourth, and fifth generation captive-born Wild caught, and captive-born marmots in all generations
marmots responded as strongly to the cart as they did to the  responded to mammal stimuli by increasing vigilance at the
predators and non-predators (Supplementary Material). burrow or time in the burrow relative to the blank (Figure 3).
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FIGURE 3 | Mean proportion of time per 15's time bin that Vancouver Island marmots (n = 34) allocated to vigilance at the burrow or time in the burrow in response to
mammal stimuli and when a blank was scored. Panels from left to right; (A) wild-caught (n = 17), (B) captive-born 1st and 2nd generation (n = 11), and (C)

However, wild-caught and first and second generation captive-
born marmots generally did not differ in the amount of
time allocated to vigilance at the burrow or in the burrow
(Figures 3A,B; Table 3), while third, fourth, and fifth generation
captive-born marmots allocated more time to vigilance at the
burrow or in the burrow in response to all stimuli (Figure 3C;
Table 3). Also, wild-caught and first and second generation
captive born marmots had little difference between time allocated
to vigilance or in the burrow for the blank and the cart
(Figures 3A,B), however third, fourth, and fifth generation
captive born marmots increased vigilance and time in the burrow
in response to the cart, the predators, and non-predators together
(Figure 3C). Despite increasing vigilance in response to all
stimuli, the proportion of time allocated in response to the cougar

was similar to the proportion allocated to vigilance in response to
the marmot and cart (Figure 3C). This suggests these marmots
are equally wary of this potential predator, a conspecific, and a
control stimulus.

Unlike for vigilance, models including the interaction between
generations in captivity and stimulus for the proportion of time
allocated to foraging carried no weight in our model set relative
to the top model (Table2). In addition, adding generations
in captivity to the top model resulted in a decrease in model
weight (Table 2) indicating this variable is of little importance
for this response. Wild-caught marmots allocated less time
to foraging in response to the predators (wolf and cougar)
than to the non-predators (goat and marmot), and the cart
(Figure 4A), and marmots that were first and second generation
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captive-born responded similarly to predators, non-predators,
and the cart (Figure 4B). Marmots that were third, fourth and
fifth generation captive-born also decreased foraging relative to
the blank, however their responses to all stimuli but the wolf
were similar (Figure 4C), suggesting these marmots may identify
wolves as cause for alarm, but not cougars. However, that the
interaction between generations in captivity and stimulus is not
retained in any top models suggests that these differences should
be interpreted with caution.

DISCUSSION

Increasing the generations in captivity resulted in loss of predator
discrimination for Vancouver Island marmots which could have
implications for their survival upon release to the wild. This
loss of anti-predator behavior is unsurprising because captivity
eliminates, or at least lowers, the threat of predation (Geffroy
et al., 2020), as has been documented in a growing body
of literature. For example, 16 species of birds reduced anti-
predator behavior relative to wild-caught conspecifics in one
captive generation (Carrete and Tella, 2015). Marmots in this
study that have been captive for more than three generations
have reduced ability to discriminate between one of their most
significant predators (cougar) and non-predators, or controls
(goat, marmot, and cart). Marmots exhibited a similar loss of
predator recognition in response to avian stimuli as well, though
our avian sample size was small. Interestingly, these marmots
that have been captive for three to five generations had larger
responses to experimental stimuli than marmots that were wild-
caught or have been in captivity for one or two generations. While
an increase of vigilance or time in the burrow in response to
all stimuli may seem potentially beneficial, having that increase
coupled with a loss of discrimination between predators and
non-predators is concerning. For example, increasing vigilance
in both elk (Cervus canadensis) and bison (Bison bison) reduced

food consumption (Fortin et al, 2004). Due to the risk that
predators present to marmots in the wild, vigilance and fleeing to
a burrow can clearly be beneficial, however, this comes at a cost
of reduced time foraging, and potentially lower body condition.
Given that 26% of marmots die in hibernation each year, this
tradeoff could be problematic. A comparison of the loss of anti-
predator behavior in response to domestication, urbanization,
and captivity found that loss due to captivity occurred more
slowly over time (Geffroy et al., 2020). However, it's worth
noting that domesticated herbivores lost anti-predator behaviors
more rapidly than omnivores or carnivores and solitary animals
lost these behaviors more quickly than social ones (Geftroy
et al, 2020). If the same is true for captive animals, rather
than domesticated, as social herbivores, marmots may lose anti-
predator behaviors at a more moderate rate.

Predation accounted for 62% of mortality where the cause was
confirmed and a previous study found 61% of marmots were
killed by predators (Jackson et al., 2016), with the majority of
marmots being killed by cougars and eagles, followed by wolves
(Aaltonen et al., 2009; Jackson et al., 2016; MRF unpublished
data). Captive-born marmots have higher mortality than wild-
born marmots, and cougars depredate significantly more captive-
born than wild-born marmots. However, there was no significant
difference in wolf predation between captive and wild-born
marmots (Aaltonen et al, 2009). Marmots responded more
strongly to wolves than to cougars, regardless of the number of
generations they have been in captivity, whereas the marmots’
ability to discriminate between cougars and non-predators seems
to diminish over time. Therefore, marmots retain anti-predator
responses to wolves, but lose the ability to discriminate between
cougars and non-predators, despite that cougars killed more
marmots than do wolves. This could be either because marmots
are better able to avoid predation by wolves, or because cougars
are the greater threat.

One possible explanation for marmots’ retention of a predator
template for wolves is that perhaps wolves were historically a
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more significant predator than they have been for the last century.
Wolves were hunted heavily on Vancouver Island for many years
in an attempt to eradicate them, and were effectively extirpated
from between 1950 and 1970 (Mufioz-Fuentes et al., 2009). In the
greater Yellowstone ecosystem when wolves were reintroduced
and wolf and cougar activity areas overlapped, cougars began
making kills at higher elevations and in more rugged areas
(Bartnick et al., 2013). Cougar populations on Vancouver Island
have been gradually declining since the early to mid-1990s
(Hatter, 2019), but it is unclear if there is a relationship between
population trends in these two species. Steindler et al. (2018)
found that greater bilbies (Macrotis lagotis) had greatest retention
of anti-predator templates in response to a predator with which
they had a longest history. Perhaps marmots’ retention of
responses to wolves results from a longer shared history. Any
predator template marmots currently have for wolves was either
retained while wolves were extirpated or has developed since
wolves returned to Vancouver Island. If marmots retained the
template while wolves were extirpated it is not surprising that
they also do so over the timeframe of this study. However, if
marmots developed the ability to identify wolves as a predator
since the late 1970s, it is unclear why they retain the predator
template for wolves in this study but not cougars. In addition,
the extirpation and reestablishment of wolves is just one way
in which it is possible that the predator community into which
marmots have been reestablished over the last 20 years is novel
relative to the community in which they had survived in the past.
For example, forestry operations have created high-elevation cut
blocks which are colonized by marmots, but also draw cougars
and wolves, and the construction of resource roads has increased
cougar and wolf mobility in marmot habitat (Vancouver Island
Marmot Recovery Team, 2017). With consistent changes to the
predators that these marmots face in the wild, captive-bred
individuals must be able to retain the ability to respond to the
predators they would have faced historically, and adapt to the
novel community of predators into which they will be released.

While the marmots in this study have not received predator
awareness training (e.g., Griffin et al., 2000), they had the
opportunity to view potential predators at the facility where they
were housed. For example, coyotes (Canis latrans) can be found
in the area and could potentially be observed by captive marmots
from a distance. Though coyotes are absent from Vancouver
Island, they may serve as a proxy for wolves. However, while
marmots in this study are potentially exposed to predators,
encountering potential predators when those predators pose
no risk will not necessarily maintain anti-predator behavior.
Therefore, it is possible that beyond five generations in captivity,
and without additional intervention, marmots will lose the ability
to discriminate between wolves and non-predators as well.

In order to retain or renew anti-predator behaviors in
captive populations many programs develop predator avoidance
training, where predator cues are paired with a stimulus that
elicits a negative response in target animals (Griffin et al,
2000; Shier, 2016). Predator avoidance training in vertebrates is
reported as successfully modifying behavior in 80% of studies
but unsuccessful attempts may be underrepresented due to the
bias toward publishing positive results (Edwards et al., 2021).

Also, few studies report on survival in the wild post-release, and
of those studies that did, approximately half were unsuccessful
due to high mortality (Edwards et al., 2021). In some instances,
captive animals were trained to avoid historical predators, only
to suffer high mortality from novel sources (such as humans and
dogs; Vera Cortez et al., 2015). In addition, rather than simply
training target animals to recognize predators, it is important
that predator avoidance training evaluates whether animals have
a relevant coping strategy to predators (e.g., freezing, or fleeing;
Edwards et al.,, 2021).

If predator avoidance training is to be undertaken as part
of marmot captive breeding it should be informed by causes of
mortality in the wild. Therefore, marmots should be trained to
identify and respond to cougars and eagles, while efforts should
be taken to retain their responses to wolves. Our results suggest
that this training should be initiated in the second or third
generation in captivity, if not sooner.

Studying endangered species often means having limited
control over sample size and aspects of experimental design.
This is of particular importance when our sample is subdivided
into groups by generations in captivity. Though our sample of
marmots that were 3rd, 4th, and 5th generation in captivity
was particularly small (n = 6), the potential implications of
the relationships we have observed should not be overlooked.
With ca. 100 adult marmots in captivity and ca. 200 in the
wild, our sample of 34 marmots represents ca. 11% of the global
population. As such, the inferences we draw about the population
may, ironically, be robust compared to a similar study of a non-
endangered species where only a small fraction of the individuals
are sampled. Because marmots that have been captive for more
than three generations have only been available for study in the
last few years, it is imperative to understand the impact captivity
is having on behavior. In addition, our sample suffered from
an imbalance of males and females. While our models did not
suggest sex differences in marmot responses, it is unclear if this is
due to an actual lack of differences or an imbalance in sampling.
Future analyses may permit a more balanced sex ratio.

Much effort is placed in maintaining genetic diversity
in captive populations (Willoughby et al., 2017) and while
this is clearly important, this study suggests it is also
important to include the maintenance of behavior as well.
This captive population of marmots has retained genetic
diversity relative to the wild population over the last three
generations (Barrett et al, 2021), despite the loss of anti-
predator behavior described here. Therefore, this study highlights
the importance of evaluating whether individuals in captive
populations change behaviors that may affect post-release fitness.
Taken alone, results from Blumstein et al. (2006) suggested
there was no effect of captivity on anti-predator behavior.
However, including marmots born in captivity for several
more generations suggests otherwise. Even for programs that
include periodic training to maintain anti-predator behavior it
would be beneficial to continue to monitor the effectiveness
of their training.

The captive environment is novel for the wild-caught animals
that establish captive breeding populations, and life in the
wild is novel for captive-born individuals upon release. In
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addition to studying anti-predator behaviors of animals in
captivity before their release to the wild, it is essential to
continue studying those individuals after release as well. Given
the large proportion of mortality attributed to predation in
reintroduction programs (Berger-Tal et al., 2020) understanding
the relationship between anti-predator behavior in captivity
and mortality from predation in the wild is crucial for the
success of captive breeding and reintroduction programs. We
recommend that conservation translocation breeding programs
conduct behavior assessments early, and continue to re-assess
captive individual’s behavior at regular intervals throughout a
program. It is also essential that there is regular collaboration
between those managing the captive and wild populations to
inform how both populations are managed. Captive breeding
can be a valuable tool to reestablish wildlife populations, and
ensure those populations persist, however one cannot assume
that an individual in captivity is prepared for life in the wild,
and behavioral studies such as this are one of many pieces
needed for success.
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