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ABSTRACT OF THE DISSERTATION

The Causes and Consequences

of Personality in Yellow-bellied Marmots (Marmota flaviventris)

Matthew Brian Petelle
Doctor of Philosophy in Biology
University of California, Los Angeles, 2014

Professor Daniel T. Blumstein, Chair

Animal personality, or consistent individual differences in behavior, is wide spread across taxa,
and is now being linked to ecology and evolutionary dynamics. Despite interest in the ecological
and evolutionary consequences of personality, few studies have used a Tinbergian approach to
understanding the causes and maintenance of personality. Furthermore, there is a large amount of
variation within personality traits, and as evolutionary biologists, we are keenly interested in how
variation is caused, develops, and is maintained within a population. My dissertation uses
Tinbergian principles to try to explain personality using yellow-bellied marmots (Marmota
flaviventris) as a study system. First, I explore the methodology that describes personality traits

by testing whether unacquainted raters could reliably assess subjects using subjective ratings. I
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found that raters could reliably measure subjects, and some of these measures were valid when
compared to behavioral codings. I then focus on the development of personality and found that
docility and boldness do not follow the same ontogenetic path. These traits become repeatable at
different life stages, and this may reflect differences in stage-specific life history strategies. I also
found that boldness and docility do not form a behavioral syndrome, and that this is most likely
due to the differences in development. My next chapter focuses on the causes and maintenance
of personality. I test three major theoretical hypotheses — growth-mortality tradeoffs, residual
reproductive value, and state-dependent safety — and found no evidence for any. I did, however,
find that different environmental variables differentially influence the same personality traits
across contexts suggesting that selection can influence the same personality trait through
different variables depending on the context. Finally, I explore the quantitative genetics of
personality. To fully understand the evolution of personality, we need to know the heritability
and correlations underlying these traits. I found low heritability in most personality traits with
some correlations. This dissertation shows, that in marmots, personality is heavily influenced by

environment and that personality is linked to life history strategy.
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CHAPTER 1

GENERAL INTRODUCTION
The study of animal personality has its initial beginnings in the fields of comparative psychology
and physiology (Doyle & Yule, 1959; Archer, 1973; Koolhaas et al., 1999; Gosling, 2001).
Comparative psychologists have long used animal temperament to understand and make
connections with human personality (Gosling, 2001). Likewise, physiologists have understood
that there are individual differences in stress responses that they termed coping styles (Koolhaas
et al., 1999). These differences in stress responses, which are seen by differences in behavior,
have been described along a continuum of proactive to reactive coping styles (Koolhaas et al.,
1999). Despite the long history of study within these disciplines, animal personality was initially
eschewed by behavioral ecologists because behavioral ecologists viewed individual variation as
noise around an evolutionary optimum (Sih et al., 2004).

This stance, however, changed as studies showed that this variation had consequences for
both fitness and population demographics. A seminal paper by Huntingford (1976) showed that
aggression in three-spined sticklebacks (Gasterosteus aculeatus) was correlated across contexts
and that this correlation influenced fitness. In another fitting example, Armitage et al. (1986),
using the same population that I studied for my dissertation research, found that yellow-bellied
marmots (Marmota flaviventris) showed individual differences in response to mirror image
stimulation tests, and these differences were connected to an individual’s sociability, and hence
their likelihood to remain in the natal colony and not disperse. Recruitment to natal colonies has
large demographic consequences because many dispersers die and are not known to reproduce

(Van Vuren & Armitage, 1994).



Although these first studies of animal personality are set in a behavioral ecological
context, few studies subsequently focused on the ecological or evolutionary consequences of
personality. Indeed, most studies focused on determining whether a certain taxon exhibited
personality (Forkman et al., 1995; Gosling, 1998; Dingemanse et al., 2002; Svartberg &
Forkman, 2002). This led Réale et al. (2007) to call for studies that focused on integrating both
ecological and evolutionary theories of animal personality. Since Réale et al. (2007), the field
has seen an influx of new research that links how personality influences evolutionary dynamics
and its interaction with ecology (Boon ef al., 2007; Smith & Blumstein, 2008; Réale et al., 2009;
Cote et al., 2011; Pruitt & Ferrari, 2011). The focus has now turned to understanding the
proximate and ultimate causes of personality (Tinbergen, 1963; Stamps & Groothuis, 2010a), but
few studies have empirically tested how personality varies across life stages, identified its causes
and factors responsible for its maintenance, and studied its genetic underpinnings.

In this dissertation, I focus on a well-suited model system—yellow-bellied marmots that I
studied in Colorado, USA. I examine common methodological assumptions of personality tests
(Chapter 2). I investigate how personality varies across developmental stages (Chapter 3). I then
study mechanisms that maintain personality variation (Chapter 4). Finally, I quantify the
heritability and document the presence and magnitude of genetic correlations of personality traits
(Chapter 5). Chapter 2 was published in Current Zoology (Petelle & Blumstein 2014), and
Chapter 3 was published in Animal Behaviour (Petelle et al. 2013). Both of these chapters are
formatted for the respective journal. They are published here with permission from those
publishers. Chapter 4 and 5 were written for specific journals and are thus formatted to reflect
this. All manuscripts were written with coauthors, and work was done with the help of others.

These manuscripts are written to reflect their contribution.



STUDY SYSTEM AND GENERAL METHODS

Yellow-bellied marmots are large, semi-fossorial ground squirrels that are found throughout the
sub-alpine regions of western North America (Frase & Hoffmann, 1980). They live in colonies
that can be comprised of one or more matrilineal groups. These groups are composed of one or
more adult females, their kin, and one adult male. Marmot life histories are characterized by
three life stages: juveniles, or young of the year, yearlings, or those that have survived their first
winter, and adults, those individuals that have survived their second winter and are reproductive
(Armitage, 1991). These life stages are distinctly marked by different behaviors and strategies.
Juveniles have high mortality throughout the summer and over winter, experiencing upwards of
50% mortality. Most, if not all, yearling males disperse while approximately half of the females
leave their natal colony (Andersen et al., 1976). Finally, adults are reproductive, but depending
on the environmental factors females may not produce litters every year (Armitage & Johns,
1982) Blumstein personal communication).

Data for this dissertation were collected from a population located in the East River
Valley, Gunnison, Colorado (38° 57' 29" N; 106° 59' 06" W). The population lives in and around
the Rocky Mountain Biological Laboratory (RMBL), and is part of a long-term demographic and
behavioral study that has been in operation since 1962 (Armitage, 1991). The valley is roughly
partitioned into colonies up-valley--those north of Gothic, and colonies down-valley--those south
of and including Gothic. Colonies up- and down-valley differ significantly in a number of
ecological variables including date of snowmelt (Svendsen, 1974), predator presence (Monclus
et al., 2011), and human disturbance (Li et al., 2011). As part of this study, marmots are

regularly live-trapped, individually marked, and observed from a distance. For this dissertation, I



specifically used trapping data collected from 2002 to 2012, open field (OF) and mirror image
stimulation (MIS) tests from 2010-2012, and flight initiation distance from 2003 to 2011.

We regularly live-trapped individuals throughout the active season (mid-April through
mid-September). Weather permitting, large Tomahawk traps are set at the entrance of burrows
and baited with Omolene™ horse food. Trapping is intensive and we trap virtually all of the
individuals in the population at least once a year, and many of them many more times. We
assessed one personality trait, docility, through trapping behavior. Docility is a commonly used
personality trait and is defined as an individual’s reaction to being trapped and handled (Réale et
al., 2000, 2007). Upon arrival at a trap, we dichotomously score (0/1) whether an individual
alarm calls, teeth chatters, struggles in the trap, bites the cage, and hesitates to walk immediately
into the trap. These scores are summed and then subtracted from the total potential score. An
individual with a score of five is labeled as docile for that trapping event while an individual that
receives a score of zero is non-docile or pugnacious.

After scoring docility, individuals are weighed, sexed, their ano-genital distance and left
hind foot measured, and ear tags replaced if necessary (Blumstein ez al., 2009). We also
collected blood and fecal samples for most individuals. Unique identification of each individual
is imperative for studies of personality; to do this each individual is given a unique mark using a
non-toxic Nyazol™ fur dye. After individuals are trap-processed, they are taken to an arena,
made of PVC sheeting, that measured 91.4 cm’. A mirror was placed at the bottom of one side
and covered with a sliding door. Individuals were placed inside the arena for three minutes
without obstacle. This constituted the open field (OF) test. Immediately after the three minutes,
the sliding door was moved to expose the mirror. The following three minutes were considered

the mirror image stimulation (MIS) test. All behavior was video recorded and later quantified for



the following behaviors; walk, bipedal and quadrupedal look, jump, alarm call, sniff, scratch the
mirror, latency to approach the mirror, and total time at the mirror. We also quantified
exploration by dividing the floor into 16 equal squares and calculating the number of squares
traversed and the proportion of squares visited. All behaviors were then subjected to a Principle
Component Analysis and the resulting components were retained for future analysis.

In addition to these tests, we estimated flight initiation distance (FID) intermittently from
2003 to 2012. FID is a commonly used metric of boldness (Cooper Jr, 2009; Carter ef al., 2012).
Briefly, once we arrived at a colony, marmots were allowed to acclimate to our presence. We
singled out an individual and started walking slowly (0.5 m/s) towards them while
simultaneously marking when they first oriented to the observer, when they first fled, how far
away they were from the burrow, and other environmental and social factors. Individuals that
permitted relatively close approaches were labeled as bold, while individuals who fled at

relatively longer distances, were labeled shy.

VALIDATING PERSONALITY MEASUREMENTS

Animal personality research has become one the quickest growing fields in behavioral ecology
(Sih et al., 2004). Indeed, it is now understood that most taxa show consistent individual
differences in behavior. With this growth has come a multitude of different terminology and tests
to describe these traits, but what is not often shown in these studies are whether the metrics used
to measure personality are reliable and valid (Gosling, 2001; Vazire et al., 2007). Validity can be
measured by a number of methods, but here I measure the external validity, or how well the
subjective measures correlate with the more objective behavioral codings. Furthermore, another

area of emerging interest, as more projects incorporate personality into their studies, are whether



certain methods can be adapted to be used by observers not familiar with the subjects in the
trials. This would potentially save time because training individuals can be time intensive.

Personality is typically measured by two methods, adjective ratings and behavioral
codings. Ratings are thought of as a more holistic approach and use a list of adjectives and then
score the subjects on a continuum within those adjectives. Researchers who spend long periods
of time observing the subjects are more likely to use adjective ratings. These include those
interested in animal psychology (Buss, 1991; Gosling, 2001), primatology (Capitanio, 2008), or
more generally when animals are in captivity (like zoos) (Gosling, 2001). Codings are seen as
more scientifically objective because they take a mechanistic approach (Martin & Bateson, 1993)
to quantifying personality. Both methods require considerable time training observers, however,
ratings may be more efficient if observers can be trained on the adjectives and do not need to be
familiar with the subjects they rate.

In Chapter 2, I tested whether unacquainted observers can reliably rate subjects on a
predetermined list of adjectives. I then used behavioral codings to test if these ratings were
externally valid. I used OF and MIS trials collected during the summer of 2010 and had two
undergraduate students at UCLA, who were unfamiliar with marmots, rate those subjects on a
scale using 15 adjectives. I found that over half of the adjectives were reliable; they had high
repeatability. Furthermore, some of these ratings were externally valid when compared with
behavioral codings. I concluded that unfamiliar raters can reliably and validly score some
personality traits, most notably the active/explorative trait, and that this is partially due to how

visible, or more easily distinguishable this trait is from other traits.



DEVELOPMENT OF PERSONALITY

Most personality studies are short in duration; lasting from hours to several weeks, depending on
the taxa (Biro et al., 2010; Stamps & Groothuis, 2010a). Therefore, there is a dearth of
information about the ontogeny of personality traits. This is especially interesting because
personality is most often linked to life history strategies, and these are coupled with and
dependent upon life stages (Biro & Stamps, 2008; Réale ef al., 2009). The few studies that have
investigated development of personality have done so in a laboratory setting where the
environment is controlled (Bell & Stamps, 2004; Sinn et al., 2008). Thus, to truly understand the
causes, function, and evolution of personality we must understand how it develops in free-living
animals (Stamps & Groothuis, 2010a; Stamps & Groothuis, 2010b)

In Chapter 3, I investigated the development of two personality traits, docility and
boldness, and its link to different life stages in yellow-bellied marmots. These two traits have
been collected consistently over the past decade and give us an ideal approach to understand
development of personality. For each trait, I asked: when does an individual become repeatable?
Does repeatability change across age classes? Do personality levels at one life stage predict an
individual’s future personality? And, is there a behavioral syndrome between the two traits and is
it stable across life stages?

I found that docility and boldness differ greatly in their development. Repeatability in
docility emerges during the juvenile life stage and increases into adulthood. Also, an individual’s
docility level as a juvenile is a strong predictor of its docility level as a yearling and adult.
Boldness, conversely, is only repeatable during the yearling life stage, and boldness levels are
not stable across life stages. I also found no behavioral syndrome between docility and boldness,

which may be reflective of the differences in development. These findings suggest that some



personality traits are coupled with life stage strategy, and that the formation of behavioral

syndromes may be linked to development.

CAUSES AND MAINTENANCE OF PERSONALITY
Behavior is considered to be incredibly plastic (Sih ef al., 2004), but it has been shown that, in
most taxa, individuals are repeatable in their behavior, and are unable to act appropriately in all
situations or contexts (Gosling, 2001). Lack of plasticity therefore prevents individuals from
reaching the behavioral optima in a given situation. An inability to reach situation- or context-
specific behavioral optima has perplexed behavioral ecologists. This, apparently maladaptive
behavior, must have an underlining cause, and multiple theoretical models have been put forth to
try to explain the causes and maintenance of personality (Stamps, 2007; Wolf et al., 2007; Biro
& Stamps, 2008; Dingemanse & Wolf, 2010; Luttbeg & Sih, 2010; Wolf & Weissing, 2010).
Three hypotheses, growth-mortality tradeoffs (Stamps, 2007; Biro & Stamps, 2008), residual
reproductive success (Wolf et al., 2007), and state-dependent safety (Luttbeg & Sih, 2010), are
the major hypotheses tested in the literature. Support for each is equivocal.

In Chapter 4, I test all three of these hypotheses by investigating the relationship between
a set of personality traits (docility and activity and exploration that was measured in two
contexts) and growth (growth-mortality tradeoff), age (residual reproductive value), and body
mass (state-dependent safety). Furthermore, I include date of trapping, days between trials,
predator presence, time of day, sex, pedestrian presence, and trial number as other covariates to
understand how these variables may influence personality between contexts.

Although there is some empirical support in the literature for all three of these

hypotheses, I found no support for any in this system despite having enough power to detect



them. I did, however, find that a number of environmental variables differentially influenced
personality traits between contexts. The importance of environmental traits became very clear

from the results of Chapter 5.

QUANTITATIVE GENETICS OF PERSONALITY

Personality traits are quite variable. This variation could be maintained by a fluctuating
environment, which may lead to differential selection over time. By contrast, stabilizing or
directional selection should eliminate variation. However, to understand if and how selection
may maintain personality variation, one must estimate the additive genetic variance of those
traits (Falconer & Mackay, 1996; Lynch & Walsh, 1998). While estimating heritability is
important, trait evolution may be constrained by genetic correlations (Lande & Arnold, 1983). If
present, genetic correlations can prevent personality traits from evolving to their optima as well
as prevent selection from eroding variation.

In Chapter 5, I estimated the heritability, permanent environment effects, maternal
effects, and year effects of docility, activity and exploration in OF and MIS tests, and sociability.
I also estimated the genetic, maternal, and permanent environment correlations between among
personality traits and within traits across contexts. I found small to no significant heritability in a
number of personality traits as well as some small, but significant permanent environment and
maternal effects. I did find a number of phenotypic correlations between traits. Underpinning
these correlations were either genetic or permanent environment correlations. I found no
correlations between maternal effects.

These findings suggest there is a genetic background for some of these traits, and both the

shared environment (permanent environment) and maternal effects influence these traits. Genetic



correlations suggest that these traits are constrained in their evolution and may be a mechanism
that maintains variation. However, some phenotypic correlations are caused by the shared
environment, suggesting that these traits may be adaptively coupled because of that environment.
Thus, personality variation is driven and may be maintained by fluctuating selection imposed by

the environment.

GENERAL CONCLUSIONS AND FUTURE DIRECTIONS

Through my dissertation research I found that personality can be linked to life stages and thus
may be linked to life history strategies. I found limited effects of an individual’s state on
personality in this population. And, I found that some personality traits are heritable and thus
have some underlying genetic basis. However, phenotypic correlations were rare and most were
explained by a shared environment.

The study of animal personality is now wide spread, but there are few long-term studies
of free-living animals that allow one to ask the questions presented here. Indeed, this is only the
third study of heritability and genetic correlations in a wild population. Thus, more studies must
be conducted to fully understand the development, causes, and heritability of traits that will help
us understand the maintenance of personality variation. All too often, studies test one hypothesis
at a time and focus on one Tinbergian level of analysis at a time. My dissertation research had
two strengths: it asked questions at multiple levels of analysis and it evaluated multiple
hypotheses (when possible).

Future work could focus on evaluating the social niche specialization hypothesis in

marmots. We also need to better understand the fitness consequences of personality types.
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Ultimately, such studies will allow us to understand why we find such great diversity in

personality in the animal kingdom.
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A critical evaluation of subjective ratings: Unacquainted
observers can reliably assess certain personality traits
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Abstract Methods to measure consistent individual differences in behavior (i.e. animal personality) fall into two categories,

subjective ratings and behavioral codings. Ratings are seldom used despite being potentially more efficient than codings. One

potential limitation for the use of ratings is that it is assumed that long-term observers or experts in the field are required to score

individuals. This can be problematic in many cases, especially for long-term ecological studies where there is high turnover in

personnel. We tested whether raters who were unacquainted with subjects could produce reliable and valid personality assess-

ments of yellow-bellied marmots Marmota flaviventris. Two raters, previously unacquainted with individuals and marmot be-
havior, scored 130 subjects on fifteen different adjectives in both open-field (OF) and mirror image stimulation (MIS) trials.
Eight OF and nine MIS adjectives were reliable as indicated by both a high degree of intra-observer and inter-observer reliability.

Additionally, some ratings were externally valid, correlating with behavioral codings. Our data suggest that activity/exploration

and sociability can be a reliable and valid measurement of personality traits in studies where raters were unacquainted with sub-

jects. These traits are observable with the personality tests we used; otherwise researchers using unacquainted raters should be
cautious in the tests they employ [Current Zoology 60 (2): 162-169, 2014].

Keywords

Animal personality (i.e., consistent individual diffe-
rences in behavior) has been documented in numerous
domestic and wild species (Gosling, 2001; Réale et al.,
2007) and from invertebrates to vertebrates (Gosling,
2001; Hensley et al.,, 2012; Mather and Logue, 2013).
Behavioral codings and subjective ratings are two
methods used to quantify personality (Gosling, 2001,
Vazire et al., 2007). Both methods are applicable for use
in the animals’ home environments or in behavioral
tests, such as open-field and novel object tests.

Behavioral codings measure the presence/absence,
frequency, and/or duration of specific postures or be-
haviors, whereas subjective ratings use observers to
score individuals based on a list of adjectives. In studies
of non-human animals, codings are more commonly
used because of their perceived objectivity and lack of
human bias. Whereas ratings are used to a lesser extent,
they are seen as a more holistic way to assess persona-
lity; additionally they are seen as more efficient than
behavioral codings because of how quickly they can be
conducted once an observer is trained (Vazire et al,
2007).

Despite the potential advantages of ratings, short-
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and long-term studies with high personnel turnover may
not utilize this method because of the notion that raters
must be well acquainted with subjects in order to accu-
rately assess personality. Consequently, in the majority
of studies that use ratings, observers are commonly
breeders, trainers, or long-term animal care providers
(Carter et al., 2012; Fratkin et al, 2013; Uher and
Asendorpf, 2008; Wilsson and Sinn, 2012). This can be
problematic for long-term ecological studies where
there is high turnover in personnel. Additionally, a po-
tential consequence of using well-acquainted observers
is the potential for confirmation bias due to preconcep-
tions that raters may have of animal subjects (Highfill et
al.,, 2010). Surprisingly, we do not yet fully under-
stand how acquaintance with subjects may influence
ratings in either captive or wild studies.

There is research to suggest that while reliability of
measures increases with level of acquaintance, raters
less acquainted with subjects can also score subjects
satisfactorily (Martau et al., 1985, Wemelsfelder et al.,
2000). In Martau et al.’s (1985) study of 12 Japanese
macaques Macaca fuscata, well acquainted and less
acquainted raters scored individuals. Less acquainted
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raters observed subjects for up to 1 hour a day for 5
days before rating those same individuals while familiar
raters observed subjects for 2 hour a day for up to a
month. Although well-acquainted raters had higher in-
ter-observer agreements, raters less familiar with the
animals were still able to achieve high inter-observer
agreement. However, in this case, the less acquainted
raters had a level acquaintance with test subjects typi-
cally not achievable in many field studies. Wemelsfelder
et al. (2000) found that multiple unacquainted observers
had clear agreement in how they qualitatively described
pig behavior, but these observer ratings were not tested
for validity.

Before a measurement can be informative, it must be
both reliable and valid. Reliability can be assessed with
two methods: inter-rater agreement, and test-retest reli-
ability (Vazire et al., 2007). Inter-rater agreement, typi-
cally measured by intra-class correlation coefficients, is
an index of how well multiple observers agree in their
personality ratings of an individual. Gosling (2001), in
an extensive review of animal personality, found that
inter-observer agreement in animals was comparable to
reliability estimates in the human personality literature
(grand mean 0.52). Furthermore, reliability is also as-
sessed through test-retest reliability, or repeatability.
This statistic describes how consistent an individual’s
personality score is across time. Repeatability depends
upon taxa, seX, age, laboratory vs. field, and length be-
tween tests (Bell et al, 2009; Gosling, 2001). Gosling
(2001) found that test-retest reliabilities were generally
high with a range from 0.31-0.90.

Validity is an index of how well a measurement is
describing what it is supposed to measure (Vazire et al.,
2007). Validity can be assessed with a number of tech-
niques. One common method to assess the external va-
lidity of ratings is to compare them to behavioral cod-
ings that are associated with that particular adjective
(Gosling, 2001). For example, an individual rated as
being highly sociable may spend more time at a mirror
during a mirror image stimulation test or be more em-
bedded in a social network. There are several examples
of acquainted raters, up to two hours pre-trial observa-
tion, assigning subjective scores that externally predict
an individuals behavioral coding in other tests (Fox and
Millam, 2010; Barnard et al., 2012; Carter et al., 2012).

Here we test the reliability and validity of ratings on
a long-term study of yellow-bellied marmots Marmota
flaviventris with raters that were unacquainted with in-
dividuals and, before training, with their species-specific
behavior. If subjective ratings are reliable and valid,

personnel unacquainted with subjects can use them in
standardized test situations.

1 Materials and Methods

1.1 Study area and system

We conducted experiments in and around the Rocky
Mountain Biological Laboratory (RMBL, 38°57'N,
106°59°W), Gothic, CO, USA in 2010 (May—August).
Marmots were regularly live-trapped and transferred to
a cloth, handling bag where sex, reproductive status,
and mass were determined. Marmots were marked with
permanent ear tags for identification as well as unique
fur marks (with Nyanzol fur dye) for observation from
afar. Almost all marmots from the population are
trapped at least once during the active season (mid-
April to mid-September). Yellow-bellied marmots from
this population have been previously shown to have per-
sonalities (Armitage and Van Vuren, 2003; Blumstein, et
al., 2012; Svendsen and Armitage, 1973).
1.2 General tests

Open-field (OF) and mirror image stimulation (MIS)
trials were conducted in an arena measuring 91.4 cm®
made of 0.47 cm opaque PVC sheeting with a wire
mesh top to prevent escape. A mirror (30.5X61.0 cm)
was placed at the base of one side of the arena and cov-
ered with an opaque sliding door. A door (61.0 cm®) was
cut out of the opposite side. Sixteen (22.9 cm?) squares
were drawn on the bottom of the arena in a grid to re-
cord location of individuals. The arena was placed un-
der a canopy for shade and to standardize the light en-
vironment. Trials were video-recorded (Sharp Mini DV
Digital Camera) from above, for later scoring. We gen-
tly released individuals from the top of the arena. The
first three minutes were considered the open-field test.
During the open field test, individuals were allowed to
freely explore the arena. The OF setup is similar to one
used for testing personality in Alpine marmots Marmota
marmota (Constantini et al. 2012; Ferrari et al., 2013;
Réale personal communication). Immediately after the
first three minutes, the MIS trial began by removing the
sliding door to expose the mirror. Upon trial completion,
we placed a Tomahawk trap within the door and urged
the marmot inside. We returned individuals to the loca-
tion originally trapped and cleaned the arena with a
vinegar and water solution before the next trial. In total,
we performed 205 open field (OF) and mirror image
stimulation (MIS) trials on 130 individuals (32 juvenile
females, 30 juvenile males, 20 yearling females, 22
yearling males, 16 adult females, and 10 adult males).
Seventy-seven animals were tested twice, with six of
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those animals being tested a third time. All trials were
included in analyses. Marmots were trapped opportunis-
tically, and therefore individuals were tested sporadi-
cally throughout the active season. We used open field
and mirror image stimulations because they are stan-
dardized, rating individual personality in natural set-
tings would require raters to understand both the social
and environmental context in which the behavior was
recorded. Furthermore, we included juvenile individuals
because they have been shown to exhibit personality
(Armitage, 1986a; unpublished data).
1.3 Personality measurements
1.3.1 Subjective ratings

Videos of trials were sorted and viewed by sex and
age categories to control for sex-specific ontogenetic
variation in behavior. Thus, all scores were relative to
the same age/sex category and not between all individu-
als. We chose 15 adjectives (Table 1), some from a pre-
vious list used on rhesus macaques (Capitanio, 1999),
and others that have been used recently on studies of
heteromyid rodents with high intraclass correlations (L.
Baker, pers. comm., University of British Columbia).
Marmots were scored on a scale from 1-7 in increments
of 0.25, where 1 describes the individual as not exhibi-
ting the trait, while 7 describes the trait being fully ex-
hibited. This is similar to the method employed by
Capitanio (1999), except we allowed for a finer division
of ratings.

Table 1 Intra-class correlation coefficients of adjectives
used to describe yellow-bellied marmots in open-field and
mirror image stimulation tests

Adjective OF MIS
ICC P ICC P
Active 0.577 <0.0001 0.673 <0.0001
Aggressive -0.001 0.503 0.511 <0.0001
Apprehensive 0231 0.031 -0.199 0.902
Cautious 0.013 0.463 -0.039 0.606
Confident 0.003 0493 0.271 0.012
Curious 0.577 <0.0001 0.567  <0.0001
Excitable 0.51 <0.0001 0.426 <0.0001
Fearful 0.165 0.099 0.025 0428
Irritable 0.109 0.205 0.153 0.118
Oppositional 0.635 <0.0001 0.366 0.001
Playful 0.063 0322 0.582  <0.0001
Protective 0.741 <0.0001 0791  <0.0001
Deliberate 0.181 0.078 0.173 0.088
Solitary 0.697 <0.0001 0539 <0.0001
Strong 0264 0.015 0.067 0.311

Significant values in bold.

Two raters (UCLA undergraduates) were chosen
from a pool of undergraduate applicants. Neither rater
had observed marmot behavior prior to watching these
trials. Both raters were given the adjectives and viewed
trials from juvenile, female marmots. After viewing,
raters and MP discussed the adjectives and the beha-
viors that potentially constituted each adjective. Each
rater scored 15 randomly selected juvenile female
OF/MIS trials and scored them up to five times until
they had high intra-rater agreement. High intra-rater
agreement was defined as scores having a rg > 0.90.
Raters watched, but did not score, 10~15 trials of the
subsequent sex/age category (e.g., juvenile females;
juvenile males; yearling females, etc.) to understand
differences in behavior between individuals and the
previous category. All trials were watched and rated on
computers at UCLA.

1.3.2 Quantitative codings

Behavior was scored using the event recorder
TWatcher (Blumstein and Daniel, 2007) to calculate the
number of events and the proportion of time spent
walking, looking (quadrapedal and bipedal), jumping,
alarm calling, smelling or sniffing, and, for MIS only,
scratching, pawing, or pressing their nose against the
mirror. Additionally, activity was scored by counting the
number of lines crossed using the nose of the subject as
an indicator of its location, proportion of squares visited,
and for MIS only, the proportion of time spent in front
of the mirror and on the mirrored half of the arena (Ta-
ble 1). Prior to scoring trials, scorers were trained to
have high intra- and inter-observer agreement (v > 0.95).
To ensure high intra- and inter-observer agreement in
quantifying behavior, MP scored a trial multiple times
until the frequencies of all behaviors were equal and
total durations of behaviors were within 5% between
each scoring events. This method was carried out for
five trials. Other scorers had to record the same behav-
ioral frequency and estimated durations to ensure in-
ter-observer agreement. Raters did not code behaviors.
This was done by MP and other trained UCLA under-
graduates.

1.4 Analyses
1.4.1 Inter-rater and test-retest reliability

All individual marmots were grouped for analysis.
We analyzed OF and MIS separately. To assess inter-
rater reliability for each of the 15 adjectives, we used an
intraclass correlation coefficient (ICC) using a two way
mixed model that measured consistency because both
coders rated all individuals (Shrout and Fleis, 1979).
Adjectives that had a significant ICC (P < 0.05) were
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included in future analyses. All further analyses were
based on a single rating that was obtained by averaging
rater scores.

We assessed test-retest reliability using individual
repeatability. To obtain repeatability for individual
marmots, we fit a linear mixed effects model for each
adjective with age category, sex, age category * sex,
rater, and trial as fixed effects, and individual as a ran-
dom effect. Age category and sex have been found to
influence other behaviors, including personality dimen-
sions (Blumstein et al., 2012). We included the scores
from both raters in the model and included rater as a
fixed effect. We also included trial to control for ha-
bituation effects. We estimated the repeatability of each
adjective by dividing the variance explained by the in-
dividual by the total phenotypic variance explained by
the model. Significance of repeatability was estimated
with a log-likelihood ratio test (Pinheiro and Bates, 2000).
Only adjectives that had significant inter-rater and test-
retest reliability were included in rating validity.

1.4.2 Validity of ratings

We tested rating external validity by including all
ratings with behavioral codings in a principal compo-
nent analysis. Ratings and codings that are correlated
load onto the same component (J.G.A. Martin, pers.
comm., University of Aberdeen). We used a Varimax
rotation to aid in interpretation. For component selec-
tion, we conducted a parallel analysis with 1,000 ran-
domly selected data sets with 95% confidence intervals
for both OF and MIS PCAs. Significant components
were kept for further interpretation (O’Connor, 2000).
Variables with values > [0.40| were used to interpret
factors. All analyses were conducted in SPSS v. 18.0
(Chicago, II) and R 2.14.0 (R Development Core Team
2011) with the package Ime4 (Bates et al., 2011). We set
our alpha to 0.05.

2 Results

2.1 Inter-rater reliability and test-retest reliability
Eight of the fifteen adjectives for OF had significant
ICCs. Additionally, nine of the fifteen adjectives for
MIS had significant ICCs (Table 1). Six of the eight OF
adjectives had significant repeatability: active (» = 0.182,
LRT = 19.853, P < 0.0001), curious (r = 0.123, LRT =
7.838, P = 0.005), excitable (» = 0.170, LRT = 11.482, P
= 0.0007), oppositional (» = 0.321, LRT = 40.132, P <
0.0001), protective (» = 0.369, LRT = 55315, P <
0.0001), and solitary (» = 0.221, LRT = 23.715, P <
0.0001). All nine MIS adjectives had significant re-
peatability: active (» = 0.330, LRT = 38213, P <
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0.0001), aggressive (r = 0.185, LRT = 14258, P =
0.0002), confident (» = 0.111, LRT = 5318, P = 0.021),
curious (» = 0.220, LRT = 20.872, P < 0.0001), excit-
able (# = 0.258, LRT = 28.894, P < 0.0001), opposi-
tional (» =0.156, LRT = 10.317, P = 0.001); playful (» =
0.408, LRT = 41.078, P < 0.0001), protective (» = 0.472,
LRT = 75.956, P < 0.0001), and solitary (» = 0.222,
LRT =19.258, P <0.0001).

2.2 Validity of ratings

Principle component analysis for the open field test
extracted two components explaining 57.13% of the
variation. The first component was interpreted as an
activity and exploration factor. It was loaded with the
proportion of boxes visited, number of lines crossed,
number of jumps, number of rear looks, number of
walks, proportion of time looking, proportion of time in
rear look, proportion walking, active, curious, opposi-
tional, protective, and solitary. The second component
was also interpreted as an exploration factor with num-
ber of sniffs and proportion of time sniffing as signifi-
cant variables (Table 2).

Principle component analysis for the mirror image
stimulation test extracted five components explaining
69.19% of the variation. The first component was inter-
preted as an activity and exploration factor. It was

Table 2 Summary of principle component analysis for
open-field (OF)

OF Component
Behaviors/adjectives Activity/Exploration ~ Exploration
Active 0.619 0.246
Curious 0.43 0.285
Excitable 0.08 0.025
Oppositional 0.575 -0.004
Protective -0.782 -0.123
Solitary -0.769 -0.126
Prop boxes visited 0.574 0.363
N lines crossed 0.764 0.325
N alarm calls -0.061 0.157
N jumps 0.592 -0.265
N looks -0.117 0.387
N sniff/smell 0.254 0.912
Nrear looks 0.861 -0.248
Nwalks 0.795 0.254
Prop look -0.905 -0.326
Prop sniff/smell 0.135 0.917
Prop rear look 0.831 0.017
Prop walk 0.845 0.182

Variables with coefficients larger than |0.4| are highlighted in bold.
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loaded with proportion of boxes visited, number of lines,
number of looks, number of sniffs, number of walks,
proportion of time looking, sniffing, and walking. Also
included are active and curious adjectives. The second
component was interpreted as a sociability component
with proportion of time spent at the mirror, proportion
of time spent on the mirrored half, number of scratches
or nose touches, proportion of time scratching or nose
touching, active and curious. The third component was
also interpreted as a sociability component with active,
aggressive, confident, oppositional, playful, protective,
and solitary adjectives. The fourth component was also
associated with exploration. It was loaded with number
of rear looks, proportion of time looking and proportion
of time rear looking. The fifth component was labeled
as an excitability component with number of jumps and
active, excitable, and oppositional adjectives (Table 3).

3 Discussion

Numerous studies have already found that acquainted

raters can assess personality (Gosling, 2001), thus, this
study investigates whether unacquainted raters can re-
liably and validly score personality traits. We found that
subjective ratings by unacquainted raters were reliable
and valid for two personality traits--activity/exploration
and sociability. Specifically, subjective ratings within
open-field tests were used to identify an activity/explora-
tion personality trait while mirror image stimulation
identified both an activity and a sociability personality
trait. These results suggest that in certain standardized
tests, subjective ratings made by people not intimately
familiar with the subjects can be a useful method to
quantify personality dimensions.
3.1 Reliability of personality measurements

The majority of our adjectives had significant inter-
rater reliabilities. Six adjectives with significant ICCs
were shared across both OF and MIS tests. This sug-
gests that these adjectives are perhaps easier to recog-
nize within and across situations. Active, curious, ex-
citable, protective, and solitary were all found to have

Table 3 Summary of principle component analysis for mirror image stimulation

MIS Component

Behaviors/ adjectives Activity/ Exploration Sociability Sociability 2 Exploration 2 Excitability
Active 0.554 0.214 0.536 0.128 0.276
Aggressive 0125 0.1 0.52 0121 0.689
Confident 0221 0.201 0.756 -0.059 0.199
Curious 0472 0413 0.281 0.012 0.076
Excitable 0.048 0.162 -0.126 -0.05 0.753
Oppositional 0.133 -0.108 0.438 0.089 0.68
Playful 0211 0.346 0.671 0.011 0.023
Protective -0375 -0.285 -0.634 -0.336 -0.127
Solitary -0.24 -0.181 -0.604 -0.385 0.043
Prop boxes visited 0.776 0.214 0.079 0.252 0.223
N lines crossed 0.693 0.259 0.101 0.199 0.19
Prop at mirror 0.058 0.847 0.21 0.024 0.082
Prop mirror half 0.101 0.684 0.191 0.141 0.028
N alarm calls -0.115 0.001 -0.041 -0.051 0.017
N jumps 0.075 018 0.078 0381 0.652
N looks 048 0.246 0.103 -0.025 0.073
N sniff/smell 0.846 0.057 0.241 0.166 -0.021
N scratch/paw 0396 0.73 0.226 0.042 0.158
Nrear looks 0.298 -0.042 0.078 0.89 0.113
Nwalks 0.748 0.282 0217 0.257 0.125
Prop looks -0.516 -0.339 -0.181 -0.647 -0.118
Prop sniff/smell 0.824 0.043 0222 0121 -0.061
Prop scratch/smell 0.237 0.797 0.158 0.019 0.135
Prop rear look 0.234 0.019 0.063 0.883 0.118
Prop walk 0.741 0.08 0.266 0451 0.054

Variables with coefficients larger than |0.4| are highlighted in bold.
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similar, if not higher, inter-rater reliability than other
studies (0.62, 0.47, 0.38, 0.38, and 0.43 respectively)
(see Gosling, 2001). Other adjectives, however, may not
be appropriate for all contexts, thus accounting for dif-
ferences in reliability scores, or differences between
individuals may be too subtle for specific tests or ob-
servers to identify (Meagher, 2009). Interestingly, only
two of the five adjectives, active and curious, were ob-
served to have high observability across species. Ob-
servability refers to how visible a trait is within a given
situation or context. We are not sure why the other three
adjectives were so high compared to Gosling’s (2001)
findings, perhaps these adjectives are appropriate for
this species within this context, and are thus more ob-
servable. Open-field tests, for example, were designed
to assess fear and activity, thus it is not surprising that
adjectives describing these traits may be easier to rate in
this situation. Conversely, both aggression and playful-
ness are commonly thought of as social attributes and
might therefore be more observable in the mirror-image
stimulation.

Of those adjectives with significant inter-rater reli-
abilities we found many of these to be repeatable. Per-
sonality, by definition, must be repeatable, and therefore
the test-retest reliability is essential to include in any
analysis of ratings. As our study shows, adjectives that
have high inter-rater agreement are not necessarily re-
peatable, and thus should not necessarily be viewed as
personality traits without further justification. Addition-
ally, our repeatability estimates are generally moderate,
but fall within the range of repeatable behaviors (Bell et
al., 2009).

We should note that we did not test all individuals
multiple times. While this could affect repeatability
estimates for linear mixed effects models, Martin et al.
(2011) advised that large data sets (n > 200) are suffi-
clent to estimate individual differences, and that inclu-
ding individuals with one observation actually increases
the power to detect these differences. Therefore, we are
confident that our results accurately reflect the test-
retest reliability of these adjectives.

We recognize that the use of two raters can result in
an overestimate of ICC scores, and therefore our results
indicate the upper-limit for reliability in these scores.
However, our results suggest that just two raters can
reliably score certain adjectives. Studies that use ac-
quainted raters typically rely on one to five raters (Mar-
tau et al,, 1985; Highfill et al., 2010; Barnard et al,
2012). Moreover, this experiment is part of an ongoing
ecological study where high personnel turnover is

common. Consequently we have a vested interest in
determining if a minimum number of unacquainted rat-
ers will suffice in judging personality.

3.2 Validity of subjective ratings

Principle Component Analysis revealed that the five
reliable adjectives in the OF test were correlated with
behaviors that can often be used to define an activity or
exploration trait. Thus, our study suggests that raters,
unacquainted with subjects, were able, with minimal
training, to use adjectives that describe an active/explora-
tion personality trait during OF tests. Our results are
consistent with other studies on Alpine marmots where
the first component reveals an activity/exploration trait
with movement and upright posture being correlated
(Ferrari et al., 2013).

We also found that raters were able to describe activi-
ty/exploration within the MIS test along with a socia-
bility component. MIS tests are widely used to assess
how individuals interact with an unknown conspecific,
and therefore they are often used as a metric of sociabi-
lity (Armitage, 1986a; Armitage, 1986b). Additionally,
we found an excitability component with aggressive,
excitable, and oppositional loading significantly with
number of jumps. This component was not seen in the
OF test, suggesting that these correlated behaviors are
related to being exposed to a mirror. Excitability has
been shown in a number of studies that use ratings and
is common in laboratory studies of rats (Cerbone, 1993;
Gosling and John, 1998).

Interestingly, the fact that curious loads positively on
two components, activity/exploration and sociability,
suggests that subjective ratings provide a broader quali-
tative description, or holistic view of individuals, which
may cover multiple traits (Uher and Asendorpf, 2008).
Surprisingly, we found that adjectives that describe so-
ciability-playful and aggressive-were not associated
with time spent at the mirror. This suggests that al-
though adjectives such as playful and aggressive can be
reliably scored, they are not externally valid in this
context to explore sociability.

Adjectives that were not reliably scored, or were re-
liable and not valid, may result from the tests not being
ecologically relevant. These adjectives may be more
observable (reliable and valid) if underlying tests are
able to expose those underlying traits. Another potential
method to pinpoint more relevant adjectives is to have
them chosen to reflect traits known to exist in the test
species (e.g. Armitage, 1986b and Blumstein et al,
2006). For example, mirror image stimulation codings
have previously been used to determine sociability in
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marmots. These MIS scores were ecologically relevant,
correlating with social interactions and reproductive
success (Armitage and Van Vuren, 2003). Although
these adjectives are useful in describing personality traits
in this specific population of marmots, each species and
population has different traits and correlation between
those traits (Bell and Stamps, 2004; Dingemanse et al.,
2007). Thus, a different set of adjectives may be a better
indicator of personality traits. Taking a bottom-up ap-
proach, or watching individuals in ecologically relevant
situations and then listing potential adjectives might be
a more effective way of using adjectives (Uher and
Asendorpf, 2008). Thus, for long-term ecological studi-
es, personnel well acquainted with the species and indi-
viduals in the population should determine adjectives
and tests used to define personality traits (Meagher,
2009). This method can potentially be used for a num-
ber of taxa including some invertebrates given that the
personality traits are highly observable in a standardized
test. For example, it may be very easy for unacquainted
observers to rate individuals on an activity/exploration
axis in an open field test.

Our study suggests that projects with high personnel
turnover should be able to effectively use ratings to re-
duce time and resources to score behaviors and quantify
some personality traits provided that raters are properly
trained beforehand and subjects are tested in a stan-
dardized manner. Those traits studied, however, should
be restricted to ones that are explicitly observable. For
example, our study shows that OF and MIS tests can be
used to identify active and active/sociable traits, but not
other traits. Indeed, the reliability of difficult to score
traits should be generally scrutinized when relying on
expert raters.
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coping with age-dependent requirements and constraints.
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Personality, which is inferred from consistent individual differ-
ences in behaviour, can have a profound effect on a population’s
evolutionary and ecological dynamics (Dingemanse et al. 2004;
Réale et al. 2007; Pruitt et al. 2012). Most studies of animal per-
sonality, however, focus on short time periods or one life stage. This
focus provides a limited view of how personality interacts with
physiology, life stage, experience and the environment (Stamps &
Groothuis 2010). Indeed, an ontogenetic perspective provides a
more comprehensive understanding of the function and evolution
of personality (Stamps & Groothuis 2010).

Previous studies on the development of personality have
focused primarily on quantifying repeatability with maternal ef-
fects (Groothuis et al. 2008; Rodel & Meyer 2011), early experience
(DiRienzo et al. 2012), or across life stages (Bell & Stamps 2004;
Sinn et al. 2008; Gyuris et al. 2012; Wilson & Krause 2012). For
example, threespine sticklebacks, Gasterosteus aculeatus, were
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University of California, 621 Charles E. Young Drive South, Los Angeles, CA 90095-
1606, US.A.

E-mail address: mpetelle@ucla.edu (M. B. Petelle).

tested for stability in multiple personality traits across life stages
(Bell & Stamps 2004). The authors found little stability in single
personality traits across life stages, but that a syndrome, boldness
and aggression, was consistently detected across ontogeny (Bell &
Stamps 2004). In that study, stability was inferred from a positive
correlation between juvenile and adult personality traits. Thus,
individuals with stable personality traits maintained the same level
of aggression or boldness relative to others across ontogeny. Studies
that focused on repeatability within life stages showed mixed re-
sults. Individual dumpling squid, Euprymna tasmanica, were
repeatable in their level of boldness as juveniles, but this repeat-
ability disappeared for a period upon sexual maturation and
reappeared in adulthood (Sinn et al. 2008). During the period of
sexual maturity, and depending on their behavioural type, squid
were more plastic in certain ecologically relevant contexts. For
example, shyer individuals were more plastic in a feeding context
than bolder individuals. Conversely, repeatability was present
within life stages in both firebugs, Pyrrhocoris apterus (Gyuris et al.
2012) and lake frogs, Rana ridibunda (Wilson & Krause 2012).
These studies suggest that personality traits, in some species,
are plastic within or between life stages. Thus, juvenile personality
may not always predict adult personality, and plasticity may
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increase within a life stage whereby individuals may change their
level of a particular personality trait. This low repeatability might
be seen in certain life stages because individuals may experience
differential selection over time, selection may favour plasticity
(opportunity for multiple alternative strategies), or there may be a
single best strategy for a given a set of environmental conditions
(Fox & Westneat 2010). Thus, it is important to understand the
development of personality and how these traits interact within
and between life stages.

Here we capitalize on a long-term ecological study of yellow-
bellied marmots, Marmota flaviventris, to investigate repeatability
and the stability (i.e. correlation at the individual level) within and
across three life stages for boldness and docility traits. Previous
research on yellow-bellied marmots has shown that personality
traits exist in both yearling and adult individuals and can influence
fitness (Svendson & Armitage 1973; Svendson 1974; Armitage
1986; Armitage & Van Vuren 2003). Thus, we hypothesize that all
three age categories will exhibit these two personality traits. We do
not have a priori hypotheses about the stability of these traits
across ontogeny or whether there is a behavioural syndrome be-
tween the two. Additionally, our new and extensive data set allows
us to understand how environmental variables affect personality at
different life stages. Thus, our first aim was to understand how
repeatability varies between life stages. Our second aim was to
investigate whether juvenile personality levels predict yearling and
adult personality levels (that is, the longitudinal stability of these
personality traits). Our third aim was to describe whether a
behavioural syndrome exists and is stable between boldness and
docility across these same life stages. Our last aim was to explore
how an individual’s current state and environment affect person-
ality within life stages (Brydges et al. 2008; Luttbeg & Sih 2010).

METHODS
Study Subjects and Site

Between 2002 and 2011, we studied yellow-bellied marmots in
the Upper East River Valley, in and around the Rocky Mountain
Biological Laboratory (RMBL) in Gothic, Colorado, U.S.A. (38°77'N,
106°59'W). Yellow-bellied marmots are facultatively social, sciurid
rodents, which weigh 2—6 kg, live in matrilineal groups and dwell
in subalpine meadows, slopes and clearings (Frase & Hoffmann
1980). The Upper East River valley is divided in two parts, up-
and down-valley, that differ in elevation, phenology and human
disturbance. Three of the colonies were located up-valley while
four were down-valley. Marmots were trapped on a regular basis
using Tomahawk live traps and individually marked with
numbered eartags for permanent identification and fur dye to
facilitate identification from afar (Armitage 1982; Blumstein et al.
2009). Almost all of the individuals were trapped for the first
time as juveniles and thus were of known age. Juveniles are in-
dividuals in their first summer of life; yearlings, or 1-year-olds, are
in their second summer of life; adults are 2 years or older (Armitage
& Downhower 1974).

Quantifying Environmental Factors

Marmots are seasonally active and we study them in a valley
that is used for summer tourism. We quantified human presence
for 12 days during the peak summer months of 2010 by continu-
ously recording pedestrian activity within 300 m of six colonies (Li
et al. 2011). Human traffic was not quantified in some colonies
where personality data were collected, but our previous study
showed that more humans were present at our down-valley sites
(including those sites where impact was not specifically quantified)

than our up-valley sites. Thus, we averaged human visits in two
down-valley colonies and four up-valley colonies, and used these
average values for unquantified colonies (down valley: Bench,
Avalanche and River); we believe that these averages provide a
good approximation of human disturbance in unstudied colonies.
We used these averages for all years because, while not precisely
quantified, human disturbance seemed not to change much be-
tween years (hiking and biking trails remained the same
throughout the duration of data collection for this study; tourism
was steady).

Predator presence was quantified from 2002 to 2011 by dividing
the number of predators seen during observations at a colony by
the total number of observation sessions at that colony. We used
predator sightings only during the early season (mid-April through
June) because predators become harder to view as vegetation
grows during the active season. We also quantified the number of
predators seen per hour of observation to test whether there were
any differences between indexes. The indexes were highly corre-
lated (Pearson correlation: rgs =0.961, P < 0.001), indicating no
bias in the number of predators seen per observation session. A
total of 203 aerial predators and 292 terrestrial predators were seen
during this time.

Quantifying Boldness with Flight Initiation Distance

To assess boldness, we conducted 563 flight initiation distance
(FID} experiments on 237 individuals (86 juveniles, 81 yearlings, 70
adults) from 2003 to 2011. FID is the distance at which an individual
first flees from an approaching human (Ydenberg & Dill 1986;
Blumstein 2003) and is an antipredator behaviour that is
commonly used as a metric for individual boldness (Cooper 2009).
It should be noted that FID is inversely related to boldness: bold
individuals have short FIDs whereas shy ones have large FIDs. Thus,
to obtain an index that was positively related to boldness, we used
the opposite of the FID (i.e. we made the values negative).

After arriving at a site, the researcher sat and quietly observed
and identified subjects for at least 5 min. Once a target subject was
identified, the observer walked directly towards the marmot at a
constant pace. Observers were trained until they consistently
walked at a 0.5m/s pace across a variety of terrains (Runyan &
Blumstein 2004). We recorded when an individual first raised its
head and looked towards the researcher (alert distance), when it
first fled (FID), its distance from the researcher when the trial began
(start distance), its distance from a burrow when it fled (burrow
distance) and its initial behaviour (forage, look, other; ‘look’ implies
that the marmot was looking at the researcher). All distances were
first marked with flags dropped during the trial and calculated af-
terwards by pacing. Individual pace length was calculated during
training. The researcher waited at least 10 min before conducting
another trial on a different subject. Individual marmots were tested
no more than once per observation session {morning/afternoon
sessions).

Quantifying Docility with Trapping Behaviour

Docility was assessed during 8217 trapping events for 861 ju-
veniles, 445 yearlings and 266 adults from 2002 to 2011. We use the
description of docility set forth by Réale et al. (2000}. Docility here
is defined as an individual's reaction to being trapped and handled.
Docility is a commonly used metric of personality and is often used
as a measure of risky behaviour (Réale et al. 2007, 2009; Careau
et al. 2010). When trapped, marmots were transferred to a cloth
handling bag for subsequent processing. At each trapping event, we
recorded each marmot’s behaviour while in the trap prior to being
put in the trap bag. We dichotomously (i.e. 0/1) scored whether or
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not individuals emitted alarm calls, tooth chattered, struggled in
the trap, bit the cage, and whether they failed to walk immediately
into the handling bag. Following Réale et al. (2000}, we summed
the dichotomously scored behaviours and subtracted this from the
total potential score. A score of O thus indicates a nondocile indi-
vidual, and inversely a score of 5 indicates a docile individual.

Statistical Analyses

Age-specific repeatability and environmental effects

We first analysed each life stage separately to estimate age-
specific repeatability of the behaviours and to determine the
environmental effects specific at each age class. We fitted univari-
ate linear mixed-effects models (i.e. one dependent variable with
multiple fixed and random effects; Dingemanse & Dochtermann
2013} for both behaviours (boldness and docility) for each age
class (juvenile, yearling, adult). For all models, individual identity
and year were fitted as random effects to assess both personality
and yearly environmental variation, respectively. Repeatability was
estimated as the ratio of the variance associated with the individual
identity effect divided by the total phenotypic variance (i.e. sum of
individual, yearly and residual variances), a significant repeatability
indicating personality. Additional fixed effects were fitted and are
described below.

Fixed effects of flight initiation distance (boldness) included trial
number per individual, trials done each day at the colony level, time
(days) between trials, start and alert distances, the distance from the
marmot to the burrow, sex, time of day (moming or afternoon),
pedestrian traffic, predator presence, estimated mass on 15 August,
estimated mass gain from 1 June to 15 August, initial behaviour and
date. Trial number and the number of trials conducted at a colony per
day were included to control for potential habituation effects. Time
between trials was included to control for potential biases in
repeatability (Bell et al. 2009). We included start distance and alert
distance and the initial distance to a burrow because previous
research has shown that they affect FID (start and alert: Blumstein
2010; distance to refuge: Dill & Houtman 1989). We included mass
at 15 August and mass gain as proxies for body condition and growth
rate, respectively. Both measures have theoretically been shown to
influence personality (Stamps 2007; Biro & Stamps 2008; Luttbeg &
Sih 2010). We used mass at capture as a measure of body condition.
We included initial behaviour because it could influence when in-
dividuals become alert to possible predators. To control for effects
from the progression of the day and season, we included time of day
and the date. Flight initiation distance was square-root transformed
prior to analyses to conform to the normality of residuals assumption
of linear models. Fixed effects of docility were time (in days) between
trapping, sex, time of day (morning or afternoon), date, pedestrian
traffic, predator presence, mass gain and mass at capture. Sex was
included to control for potential differences between males and fe-
males. Time of day and date were included because of differences
within day and throughout the active season.

We used a log-likelihood ratio test (LRT, estimated as minus
twice the difference in the likelihood of the nested models) to
determine the significance of random effects between models with
and without a given random effect (Pinheiro & Bates 2000). The LRT
statistic follows a chi-square distribution with the difference in the
number of parameters between the two models as the degree of
freedom (Pinheiro & Bates 2000). Univariate linear mixed-effects
models were fitted in R 2.14 (R Development Core Team 2011}
with the Imer function in the Ime4 package (Bates et al. 2012). We
report full models after extracting parameter estimates and MCMC
P values using the pvals.fnc function in the package language R
(Baayen et al. 2008} based on a Markov-chain Monte Carlo sam-
pling with 30000 simulations.
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Correlation between life stages and between behaviours

To estimate the correlations, or stability, between juvenile,
yearling and adult behaviours at the individual level, we fitted
trivariate mixed models (i.e. three dependent variables with mul-
tiple fixed and random effects; Dingemanse & Dochtermann 2013)
for each behaviour, considering each age class as a different trait.
Individual identity and year were fitted as random effects with an
unstructured 3 x 3 (co)variance matrix estimating three variance
components (one for each trait) and their three pairwise co-
variances. Correlations were then calculated from the (co)variance
matrix as the rescale covariances (i.e. covariance between two traits
divided by the square root of the product of the variances of the two
traits). The residual matrix was constrained to be a 3 x 3 diagonal
matrix because of the structure of our data. To test whether vari-
ance components differed between the three age classes, we used
an LRT between models with and without constraints of equality of
variance components for the three age classes. We used a similar
test for pairwise comparison of variance components but con-
straining only two age classes at a time to be equivalent. Signifi-
cance of behavioural correlations at the individual level between
age classes was estimated using an LRT between models with and
without a covariance parameter constrained to zero.

To identify the presence of age-specific behavioural syndromes,
we estimated the correlation between both behaviours at the in-
dividual level using bivariate mixed models of boldness and docility
for each age category. Individual identity and year were fitted as
random effects. Each random effect was specified with an un-
structured 2 x 2 (co)variance matrix thus estimating two variances
{one for each behaviour) and their covariance. The residual variance
matrix was fitted as a diagonal matrix (i.e. covariance fixed to zero)
because of the structure of our data. The significance of the
behavioural syndrome was estimated using an LRT between
models with and without the covariance between docility and
boldness fixed to zero.

Only fixed effects that were significant in univariate
analyses were included in multivariate analyses to avoid
overparametrization of models and facilitate convergence. The
sample size for multivariate models is a combination of the sample
size reported in the Table 1 for univariate analysis (i.e. sample size
for trivariate analysis of boldness is the sum of the three sample
sizes for age-specific models of boldness; see Results). Correlations
estimated in multivariate analysis, however, were estimated at the
individual level, meaning that only individuals with data for both
traits provided information for the correlation. We thus report the
number of individuals as the sample size for correlation estimates.
Multivariate analyses were fitted using ASREML-R 3.0 (Gilmour
et al. 2009).

Ethical Note

Marmots were studied under protocols approved by the Ani-
mal Use and Care Committees of the University of California Los
Angeles and the RMBL (UCLA Protocol No. 2001-191-01 renewed
annually), and under permits from the Colorado Division of
Wildlife (TR917 issued annually). After trapping, individuals were
released immediately at the trap location. Marmots were in traps
no longer than 2—3 h, and typically much less time. Traps were
shaded with vegetation on warm days. Marmot handling was brief
(typically 5—15 min depending upon what data needed to be
collected) and marmots were not injured during this handling. All
marmots were handled while inside of a cone, cloth handling bag
to reduce stress. We swabbed ears with alcohol before tagging
individuals to reduce the chance of infection. FID trials are a
widely used measure of risk assessment that causes only a tran-
sient change in behaviour.
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Table 1
Fixed effects explaining variation in the univariate model of boldness (quantified as the negative of flight initiation distance) for three age classes of yellow-bellied marmots
Juveniles Yearlings Adults
Estimate (SE) P Estimate (SE) P Estimate (SE) P
Intercept —1.192 (2.544) 0.238 —7.328 (1.628) <0.001 —6.237 (1.394) <0.001
Time between trials (days) —0.003 (0.012) 0.595 —0.022 (0.012) 0.168 0.017 (0.011) 0.151
Trial at colony (per day) —0.035 (0.041) 0.718 —0.060 (0.045) 0.322 0.054 (0.064) 0.388
Sex (male) 0.201 (0.208) 0.442 0.200 (0.275) 0.047 —0.849 (0.336) 0.01
Trial per individual 0,032 (0.132) 0.853 0.120 (0.052) 0.005 0.255 (0.058) <0.001
Time (afternoon) 0442 (0.227) 0.035 —0.089 (0.169) 0.626 0.017 (0.190) 0915
Pedestrian 0.021 (0.017) 0.118 0.048 (0.019) 0.001 0.031 (0.011) 0.003
Mass gain 0.002 (0.001) 0367 0.001 (0.001) 0.022 4.332e-04 (0.000) 0.16
Mass in August —0.002 (0.001) 0.295 —0.001 (0.000) 0.01 2.62e-04 (0.000) 0224
Predator presence 3.614 (1.562) 0.005 6.917 (1.328) <0.001 2.824 (0.976) <0.002
Date —0.002 (0.010) 0.936 0.015 (0.007) 0.065 —0.002 (0.007) 0.683
Alert distance —0.061 (0.006) <0.001 —0.043 (0.003) <0.001 —0.035 (0.002) <0.001
Distance to burrow —0.001 (0.022) 0.655 —0.014 (0.008) 0.212 —0.044 (0.012) <0.001
Initial behaviour (look) 0302 (0.328) 0.704 0.041 (0.194) 03881 —0.048 (0.230) 0.772

Significant effects are in bold.

RESULTS
Environmental Factors

Environmental factors affected boldness of juveniles, year-
lings and adults differently. For juveniles, boldness increased
with predator pressure and as the day progressed. As expected,
juveniles fled sooner if they alerted sooner (Table 1). Yearling
boldness increased with predator pressure. Yearlings also
became bolder as the number of trials and pedestrian traffic
increased. Males were bolder than females, and individuals that
gained mass quicker were also bolder. Individuals in better body
condition were less bold. Again, individuals fled sooner if they
alerted to the observer sooner. Adult boldness increased as trial
number, pedestrian traffic and predator presence increased.
Adult males were less bold than females. Furthermore, both alert
distance and distance to burrow affected boldness: individuals
that alerted sooner and that were farther from a burrow were
less bold (Table 1).

We found that juveniles became more docile as the active sea-
son progressed (Table 2}, while no such effect was seen in yearlings
or adults (Table 2). Additionally, faster-growing yearlings were
more docile, and yearlings in better body condition were less docile
in the afternoon. Adults were more docile as the time between
trials (days) increased. Males were less docile than females, and
individuals were less docile in the afternoon and in areas with
higher pedestrian traffic. Date and mass at capture were highly
correlated for both juveniles and adults (Pearson correlation: ju-
venile: r4996 = —0.884; yearling: ry39; = —0.894), which created a
multicollinearity issue, and therefore reduced our ability to isolate
their independent effects.

Repeatability within and Correlation between Life Stages

The repeatability estimates for boldness differed significantly be-
tween the three age classes (y3 = 6.01, P = 0.049). Juvenile and adult
marmots were not differentially consistent in their boldness
(repeatability: r=0.037 and r = 0.048, respectively), but yearlings
(r=10.402) showed consistent individual differences in boldness
(Table 3). The individual variance component for yearlings did not
differ significantly from that for juveniles (X% = 2.237,P=0.134),but
was significantly higher than that for adults (x% = 4.431,P=0.035),
and juvenile and adult variance components did not differ signifi-
cantly from one another (33 = 0.001, P = 0.966; Table 4). We found
no significant correlations between age classes in boldness (juvenile—
yearling: y2 = 0.12, P=0.728, N = 24 individuals; juvenile—adult:
93 = 0.12,P=10.727,N = 2 individuals; yearling—adult: ¥ = 0.055,
P=0814, N =13 individuals; Table 4, Fig. 1}. The few individuals
measured at different ages, however, limited our ability to correctly
estimate these correlations.

Docility was repeatable in juveniles (r=0.168), yearlings
(r=0.262) and adults (r=0.272) (Table 3). The individual variance
component estimates for docility differed significantly between the
three age classes (73 = 8.57, P=0.013). The individual variance
component for adults was significantly higher than that for juveniles
(x% = 8.48, P=0.003), whereas the yearling component did not
differ statistically from that of juveniles (33 = 2.11, P=0.37) or
adults (X% = 243, P=0.113) (Table 4). Docility was significantly
correlated across all life stages (juvenile—yearling: 2 = 64.49,
N =401 individuals, P < 0.001; juvenile—adult: ﬁ = 13.04, N=146
individuals, P=0.001; yearling—adult: %2 = 37.81, N=158 in-
dividuals, P < 0.001) with correlation coefficients higher than 0.6
(Table 4, Fig. 1).

Table 2
Fixed effects explaining variation in the univariate model of trapping behaviours, a measure of docility, for three age classes of yellow-bellied marmots
Juveniles Yearlings Adults
Estimate (SE) P Estimate (SE) P Estimate (SE) P
Intercept 1.206 (0.399) <0.001 3.851 (0.271) <0.001 4.205 (0.155) <0.001
Time between trials (days) ~0.002 (0.002) 0.206 —1.42e-04 (0.002) 0.950 0.004 (0.001) 0.005
Sex (male) 0.022 (0.043) 0.352 —0.010 (0.063) 0.409 —0.238 (0.086) 0.001
Time (afterncon) 0.043 (0.035) 0342 —0.085 (0.035) 0.014 —0.137 (0.036) <0.001
Date 0.015 (0.002) <0.001 0.003 (0.002) 0.179 1.76e-04 (0.001) 0.973
Mass gain —1.57e-05 (3.74e-05) 0.820 2.45e-04 (1.52e-04) 0.037 4.30e-05 (3.72e-05) 0.176
Mass at capture —1.35e-04 (8.60e-05) 0.282 —1.43¢04 (6.18e-05) 0.042 3.82e-05 (4.05e-05) 0.301
Pedestrians 0.003 (0.002) 0.213 0.005 (0.004) 0.165 —0.007 (0.004) 0.009
Predator presence 4.00e-04 (0.001) 0.822 —5.03e-04 (0.001) 0.680 0.001 (0.001) 0.566

Significant effects are in beld.
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Table 3
Variance, ratio and significance of random effects using log-likelihood ratio tests (LRT) for beth decility and beldness univariate calculated frem models for juvenile, yearling
and adult yellow-bellied marmots

Trait Number of Mean (SD) traits Variance Ratio LRT (df=1) P

;:?dsi?:i‘(,iixt;?:& Identity Year Phenotypic Identity Year Identity Year Identity Year
Docility
Juveniles 3316, 861 4.183 (0.967) 0.151 0.029 0.895 0.168 0.032 119.498 37.212 <0.001 <0.001
Yearlings 2294, 445 4,384 (0.870) 0.208 0.027 0.792 0.262 0.034 185.344 10.368 <0.001 0.001
Adults 2607, 266 4.294 (0.989) 0.254 0.005 0.932 0.272 0.005 421.061 5.15 <0.001 0.023
Boldness
Juveniles 126, 86 —27.854 (24.396) 0.261 6.164 7.075 0.037 0.871 1.392 17416 0.238 <0.001
Yearlings 204, 81 —43.268 (32.793) 0.617 0.082 1.536 0.402 0.053 13.907 0.691 <0.001 0406
Adults 233,70 —46.999 (38.654) 0.083 0.114 1.703 0.048 0.067 0.941 4.246 0332 0.039

Note that repeatability estimates from trivariate (Table 4) and
univariate (Table 3) models differed slightly because only signifi-
cant fixed effects from the univariate models were included in the
trivariate analyses.

Behavioural Syndrome

Using a bivariate model for each age class, we found that the cor-
relation between boldness and docility was not significant for any age
class (repeatability + SE: juveniles: r=0.582 +0.352, LRT = 2.28,
N=96 individuals, P=0131; yearlings: r=0.186+0.193,
%% = 0.829,N = 99individuals, P = 0.362; adults: r = 0.587 + 0.936,
%5 = 1.608, N =80 individuals, P = 0.204).

DISCUSSION

Our examination of the ontogeny of two personality traits,
boldness and decility, in yellow-bellied marmots found four main
results that have general implications for our understanding of the
development of personality. First, environmental effects differed
for each age class. Second, personality emerged in different age
classes. Third, personality in one age class was not necessarily
correlated with personality in another. Fourth, a behavioural syn-
drome was not present in any age class.

Environmental Effects

Environmental factors that correlated with personality traits
changed over developmental stages, suggesting that the environ-
ment influences age-specific personality (Stamps & Groothuis
2010). We saw boldness increase (in juveniles} and docility
decrease (in yearlings and adults) as the day progressed. Although
the exact reason for the within-day change is unknown, similar
within-day changes in personality have also been seen in two
species of coral reef fish due to temperature changes (Biro et al

Table 4

2010). Daily temperature changes may influence metabolic rate
(Armitage 1991), which could influence personality traits (Biro et al.
2010). Body condition decreased boldness and docility in yearlings.
These results are inconsistent with theoretical work suggesting
that individuals in better body condition take more risks but incur
fewer costs because they are better able to hold resources and
escape predators (Luttbeg & Sih 2010).

In the three age classes, we found that predator presence
increased boldness, as previously reported in fish (Brown et al
2005). This intuitively makes sense, since individuals must strike
a balance between being cautious in the presence of predators and
maintaining potential foraging and reproductive opportunities
(Cooper & Peréz-Mellado 2004). Individuals that are more cautious
may therefore lose these opportunities in comparison to bolder
individuals. Thus, we might expect bolder individuals in predator-
rich areas despite the high risk.

Marmot interaction with humans seemed to have variable effects.
Boldness increased with trial number and pedestrian traffic in
yearlings and adults. Together, these factors suggest that marmots
habituate to human disturbance over the summer (Li et al. 2011).
Additionally, past research on eastern chipmunks, Tamias striatus
(Martin & Réale 2008) and burrowing owls, Athene cunicularia
(Carrete & Tella 2010) found a correlation between human distur-
bance and personality, suggesting habituation or habitat selection
based on personality. In contrast, docility decreased in adults as
pedestrian traffic increased. This coupled with an increase in docility
as the days between capture increased suggest that marmots may
become more sensitive to human interaction when trapped.

Yearlings that grew faster were more docile but also bolder.
These are not consistent with the predictions made by Biro &
Stamps (2008), who predicted that individuals that grow faster
should engage in more risky behaviour to maintain that growth
rate. Individual marmots do not have to protect or actively look for
food patches (i.e. vegetation is abundant at our study site), thus
decoupling the predicted link between risky behaviour and growth

Repeatability (on diagonal), correlations (below diagenal) and pairwise comparison of repeatability (above diagenal) for docility and beldness for the different age classes

(juvenile, yearling, adult) of yellow-bellied marmots

Dedility Beldness

Juveniles Yearlings Adults Juveniles Yearlings Adults
Juveniles 0.190 (0.021)** NS ** 0.019 (0.027) NS NS
Yearlings 0.857 (0.159)*** 0.268 (0.033)"** NS 0.379 (0.843) 0.373 (0.146)"** *
Adults 0.624 (0.161)*** 0.782 (0.169)*** 0.293 (0.039)** —0.167 (—-8.861) 0.446 (1.432) 0.053 (0.057)
Phenotypic 0.921 (0.029) 0.819 (0.038) 0.969 (0.041) 6.988 (4.665) 1.451(0.235) 1.746 (0.228)

Estimates were obtained from trivariate models for each behaviour, considering each age class as a different trait. Estimates of repeatability are slightly different from
univariate models (Table 1) because only significant fixed effects were used in these models to avoid overparametrization.

*P<0.05; **P<0.01; ***P<0.001; see text for exact P values (parameter bounded to zero).
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Figure 1. Relationships between juvenile—yearling, juvenile—adult and yearling—adult personality in yellow-bellied marmots. The top panel represents boldness (negative FID). The

bottom panel represents docility (trapping behaviours). Best linear unbiased predictors (BLUPs) from trivariate models of boldness and docility are used for illustration purposes
only. N represents the number of individuals for which data were available for both traits.

rate. In addition, faster-growing individuals might benefit from
docility simply by not investing in more active and energetically
costly nondocile behaviours.

Sex differences were found in yearling and adult boldness.
Yearling males were bolder than females. All yearling males
disperse, and this difference in boldness may be a method for in-
dividual males to prepare for dispersal. Alternatively, adult males
were less bold than adult females. There is no apparent reason for
this, but females have the added cost of gestation and lactation, and
therefore need to be bolder to forage and survive hibernation
(Andersen et al. 1976). Sex differences were also found in adult
docility, with males being less docile than females. This result is
inconsistent with the findings of a study of alpine marmots, Mar-
mota marmota, where sexes did not differ in docility (Ferrari et al.
2013). However, Ferrari et al.’s (2013) study did not account for
potential differences within each age group as our study did.

Repeatability within Life Stages

We found that boldness and docility developed differently.
Boldness in juvenile and adult marmots was not repeatable; thus, it
was not considered a personality trait in juveniles or adults.
However, yearling marmots had significantly repeatable boldness
levels. Interestingly, yearlings had higher repeatability than adults,
suggesting that behaviour is not developmentally constrained.
Docility, however, was repeatable in all age classes. These results
suggest that these differences in personality development may
allow for individuals to act adaptively at age-appropriate times.

Future research should focus on the potential reasons for a lack
of boldness in juveniles and adults. Juveniles may lack individual
differences because they have not yet undergone experiences that
lead to differentiation (Freund et al. 2013). Alternatively, lack of a
boldness personality trait might be due to differences in life-history
strategy between each life stage. Body mass strongly affects over-
winter survival in juveniles but does so to a lesser degree in adults
(Lenihan & Vuren 1996). Juveniles triple their body mass in the 3

months from first emergence to hibernation. Thus, juveniles should
prioritize foraging by adopting a single consistent strategy, while
yearlings may adopt multiple strategies to cope with certain life
stage events such as dispersal. Juveniles have also been found to be
less vigilant than yearlings and adults in general, supporting the
hypothesis that they prioritize foraging (Li et al. 2011). Juvenile, or
smaller, poeciliid fish (Brachyraphis episcopi) were also found to be
bolder than larger individuals, suggesting there is a trade-off be-
tween growth and potential mortality (Brown & Braithwaite 2004).
Adults, however, must cope with a highly variable, harsh environ-
ment and must therefore be plastic (Armitage 1991).
Alternatively, docility was repeatable in all age classes, indi-
cating that this personality trait develops early in life and canalizes
with age. Individual differences in docility may therefore be linked
to positive feedback loops with the environment. This result is
supported by other studies showing that adults are less plastic than
juveniles (Sinn et al. 2008; Gyuris et al. 2012). These differences in
the development of personality traits are consistent with the hy-
pothesis that consistent individual differences in behaviour can be
adaptive and linked to life-history strategies (Wolf et al. 2007).

Stability within and between Traits across Time

We found differences between personality traits in stability
across development. Boldness was not stable across development
but docility was. Individuals’ levels of boldness varied across all
three life stages. However, the small sample of individuals with
boldness data in multiple age classes limits conclusions from this
data. We found no correlation between any age group. This result is
consistent with the idea that behaviour is plastic and should change
depending on the environment (Fox & Westneat 2010). Although
the exact cause of the plasticity in personality is unknown,
repeatability in boldness may be due to life stage events. For
example, almost all yearling males and about half the yearling fe-
males disperse, and therefore, individuals exhibit different behav-
ioural strategies to cope with dispersal or staying at the natal
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Figure 2. Relationship between docility and boldness in yellow-bellied marmot (a) juveniles, (b) yearlings and (c) adults. Best linear unbiased predictors (BLUPs) from bivariate
models of docility and boldness are used for illustration purposes only. N represents the number of individual for which data were available for both traits.

colony. Again, adults have settled at a location and must cope with
the changing yearly environment (Armitage 1991). Individuals are
therefore changing their behavioural plasticity depending upon
age-specific life-history events.

In contrast to boldness, docility appears to be stable throughout
an individual’s lifetime, given the strong positive correlations be-
tween the three age classes in the present study. This suggests that
docility is established at birth or early in life and is stable
throughout an individual’s lifetime. Adult docility may result from
previous environmental constraints and selection during develop-
ment (Sinn et al. 2008).

Behavioural Syndrome

Boldness and docility have previously been shown to form a
behavioural syndrome (Réale et al. 2009), but we found no corre-
lation between boldness and docility in any life stage (Fig. 2). This is
intuitive for juveniles and adults that do not show consistent indi-
vidual differences in boldness, but do show consistency in docility.
Although a syndrome could form later in life, the manner in which
each personality trait develops might preclude such a formation.

Conclusion

In conclusion, we found that boldness and docility developed
differently across life stages. This has major implications for our
understanding of personality and raises a large number of ques-
tions about what might explain that difference. Juveniles grow
rapidly and do not mate, yearlings disperse, and adults reproduce.
Specific constraints and life histories of each age class are likely the
basis for the observed differences in the ontogeny of personality.
Selection can vary across life stages (Schluter et al. 1991; McNamara
et al. 2009) and, therefore, different behavioural traits may be
differentially important in those stages. Although we did not test
for selection in this study, future research should focus on quanti-
fying these different selection pressures throughout development
and the potential adaptive reasons for the differences in the
development of personality traits.
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CHAPTER 4

MAINTENANCE OF RISKY PERSONALITY TRAITS IN YELLOW-BELLIED MARMOTS

Summary

1.

Individuals vary consistently in their risk-taking behaviour and this can be considered a
personality trait. Several hypotheses for the causes and maintenance of differences in
risky personality traits have been suggested to explain why individuals are stable in their
behaviour. First, personality is associated with growth or productivity. Individuals that
grow more quickly will take more risks to maintain that growth. Second, personality is
linked to residual reproductive value. Individuals with higher reproductive residual value,
or young individuals, should be more risk-averse than older, lower valued, individuals.
Finally, personality is maintained by body condition. Individuals in better body condition
are able to defend against predators and are thus more risk-prone.

We simultaneously evaluated these three hypotheses to investigate what maintains
variation in three risk related traits, docility, activity and exploration, in yellow-bellied
marmots (Marmota flaviventris).

We found no evidence of growth, residual reproductive value, or body condition effects
explaining between individual variation in docility, activity nor exploration. However, we
did find that other fixed effects differentially influenced personality traits between
contexts.

The maintenance of risky personality traits in yellow-bellied marmots thus remains
enigmatic. As more investigators evaluate multiple hypotheses, we will learn more about

what maintains variation in personalities.
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1. Introduction

Our understanding of animal personalities, or consistent individual differences in behaviour
across time and context, has advanced greatly in recent years (Sih et al., 2004; Réale et al., 2007,
Pruitt & Ferrari, 2011). Despite recent advances in the ecological and evolutionary consequences
of personality (Sih et al., 2004; Réale et al., 2007; Smith & Blumstein, 2008), little empirical
work has been done on the causes and maintenance of intra-individual differences. A number of
theoretical explanations have been presented that link state and state-dependent behaviour to
explain the maintenance of personality (Stamps, 2007; Wolf et al., 2007; Biro & Stamps, 2008;
Dingemanse & Wolf, 2010; Luttbeg & Sih, 2010; Wolf & Weissing, 2010). The three most
common hypotheses are that differences in growth rate, residual reproductive value, or body
condition can explain the differences and maintenance of personality.

First, individuals may vary in life history strategies and this variation offers a potential
explanation for the maintenance of personality. For example, differences in productivity,
specifically in growth rate, metabolism, or fecundity, could drive personality trait differences
(Stamps, 2007; Biro & Stamps, 2008) whereby individuals with higher productivity take more
risks (e.g. they are bolder, more aggressive, more exploratory) to maintain initial levels of
productivity. Individuals maintain this productivity because physiological and life-history
trajectories are set early in life and it is costly to deviate from a given trajectory (Biro & Stamps,
2008). Empirical evidence for the productivity hypothesis is unclear with mixed support in
different taxa (Sundstrom et al. 2004; Ward et al. 2004; Biro & Post 2008; Careau et al. 2009;
Edenbrow & Croft 2011).

Second, differences in an individual’s residual reproductive value, coupled with state-

dependent behaviour, have the potential to maintain personality differences (Wolf et al., 2007).
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Because individuals may incur a trade-off between reproduction early or late in life, individuals
with higher future reproductive value should take fewer risks so as to protect future assets (Clark,
1994). Empirical evidence for residual reproductive value correlating with personality has been
shown in killifish (Kryptolebias marmoratus) (Edenbrow & Croft, 2011), grey mouse lemurs
(Microcebus murinus) (Dammbhahn, 2012), and great tits (Parus major) (Nicolaus et al., 2012).
Third, differences in body condition, size, or energy reserves may maintain variation in
personality (Luttbeg & Sih, 2010). Individuals in better condition are better able to avoid
predators or fight conspecifics. Thus, body condition is maintained because individuals with
higher body condition are better able to access or defend resources, and escape predators,
creating a positive feedback (i.e. state-dependent safety). Individuals with lower body condition
are unable to take risks because they do not react accordingly (escape predators or fight
effectively) and are incapable of increasing their condition (e.g. making the best of a bad job).
However, empirical evidence for this hypothesis is equivocal (Martin & Réale, 2008).
Hypotheses to maintain personality are not mutually exclusive, thus, it is important to test
them simultaneously to understand the relative importance of each. Previous studies, however,
typically test only one of the hypotheses suggested to maintain personality (Sundstrom et al.,
2004; Ward et al., 2004; Biro & Post, 2008; Martin & Réale, 2008; Careau et al., 2009;
Edenbrow & Croft, 2011; Vainikka et al., 2011; Dammbhahn, 2012; Nicolaus et al., 2012), and
none, to our knowledge, have explicitly used a multiple hypothesis approach in a wild
population. Our goal was to simultaneously evaluate the three most common hypotheses
(productivity, residual reproduction and condition) in a wild population. We capitalised on a
long-term study of yellow-bellied marmots (Marmota flaviventris) to study factors that explain

the maintenance of docility, activity, and exploration—all of which may reflect risky personality
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traits. This system offers a great opportunity to use a multiple hypothesis approach; individuals
differ in both the rate of mass gain, body condition, and they live up to 16 years (Armitage &
Downhower, 1974) which allows the study of the correlates of variation in potential future
reproduction.

Each of the three hypotheses makes specific predictions that can be used to disentangle
whether one or all mechanisms are associated with maintenance of personality. If risk-prone
behavioural traits are maintained by differences in productivity (Biro & Stamps, 2008), we
expect that individuals that grow faster will be bolder to maintain their growth trajectories. If
these traits are maintained by residual reproductive value, we expect there to be personality
differences by age (Stamps, 2007). Newly reproductive mature individuals have high residual
reproductive value and should therefore be risk averse. Very young and very old individuals
have lower residual reproductive value and are thus predicted to be more risky (Pianka & Parker,
1975). Finally, if body condition maintains risk prone personality traits, we expect individuals
with greater mass to take more risks (Luttbeg & Sih, 2010). It should be noted that maintenance
of personality will be reflected between individuals but that those mechanism could also explain
within individual variation in behaviours. Consequently, we evaluated the three hypotheses at
both between (i.e. personality maintenance) and within individual level using an individual

centering approach (Dingemanse & Dochtermann, 2013).

2. Material and methods
(a) Subjects
We studied yellow-bellied marmots in and around the Rocky Mountain Biological Station,

Gothic, Co, USA from 2002-2012. Marmots are large, facultatively social, semi-fossorial sciurid
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rodents that live in colonies. Colonies consist of matrilineal groups made of a mother and her
daughters or sisters and their female offspring while adult males guard and patrol territories
(Frase & Hoffmann, 1980). Marmots are of known age because they are first trapped as
juveniles. Age classes in marmots are defined as: juveniles, or young of the year; yearlings, or
individuals that survived the first winter; and adults, or individuals two years or older (Armitage
& Downhower, 1974). We trapped individuals regularly between mid-April to mid-September
using Tomahawk-live traps placed at the entrances of burrows. Individuals were transferred to a
cloth-handling bag, ear-tagged, weighed, sexed, reproductive status checked, and given a unique

fur mark (Blumstein ez al., 2009).

(b) Quantifying personality
We quantified docility from 8990 trapping events on 1201 individuals. Docility is defined here
as an individual’s reaction to being trapped and handled (Réale et al., 2000) and may describe
risk-taking behaviour (Careau et al., 2009). At each trapping event, we noted whether individuals
struggled in the trap, tooth-chattered, bit the cage, alarm called, and hesitated to walk into the
handling bag. We dichotomously (0/1) scored these behaviours, summed them, and subtracted
this from the total potential score to attain a docility index for that trapping event. Individuals
that scored 0 are non-docile and can also be considered defiant while individuals that scored 5
are docile and easily handled (Réale et al., 2000).

We quantified exploration/activity using Open field (OF) and Mirror Image Stimulation
(MIS) tests. From 2010-2012, we conducted 614 Open field and Mirror Image Stimulation trials
on 226 individuals. Individuals were transferred from the trap to a cloth-handling bag, their heart

rate was measured for 15 s, and individuals were then transported to an arena measuring 91.4
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cm’ made of 0.47 cm opaque PVC sheeting. A mirror (30.5 cm x 61.0 cm) was placed at the base
of one side of the arena and covered with an opaque sliding door. A door (61.0 cm?) was cut out
of the side opposite the mirror. A 16-square grid (~22.85 cm?) was drawn on the floor of the
arena to determine activity and exploration. All trials were video-recorded from above for later
behavioural scoring. Individuals were released at the trap site location post-trial. Each trial
consisted of a three minute OF test where individuals could freely move and explore the arena.
Immediately following the OF test, the sliding door was removed to expose the mirror for an
additional three minutes. The MIS test was similar to the OF test with the addition of the mirror.
Individuals were tested a maximum of once a day. Technical issues (e.g. camera failure) along
with inability to measure certain aspects of the individual including predator pressure or mass at
capture restricted our OF analysis to 435 trials on 178 individuals and restricted our MIS analysis
to 428 trials on 177 individuals.

All trials were scored with JWatcher 1.0 (Blumstein & Daniel, 2007). We calculated number
of events and proportion of time alarm calling, jumping, looking, walking, and sniffing the arena.
In addition, we also calculated grid lines crossed and proportion of squares visited for both OF
and MIS, and for MIS, the proportion of time scratching or pawing the mirror, and the total
proportion of time at the mirror. All scorers were trained to have >95% inter- and intra-observer
agreement. Raw scores for both tests were subjected to a Principle Components Analysis (PCA)
and the resulting factor scores for each trial were used for further analysis. We used SPSS v. 18.0

(Chicago, IL) with varimax rotation for both PCAs.
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(c) Quantifying key environmental and biological variation

To understand how the environment might influence personality, we quantified pedestrian traffic
for colonies and predator presence. Pedestrian traffic was calculated during the peak tourist
season in the summer of 2010 by counting the number of pedestrians travelling within 300 m of
six colonies (Li et al., 2011). Predator presence was calculated using the number of predators
seen at each colony prior to June each year, and we divided this number by the number of
observations at that colony. Full methods can be found in (Petelle ef al., 2013). Mass gained
between 15 June and 15 August (hereafter growth rate) was estimated by taking the difference of
estimated body mass on 15 June and 15 August. Body mass on these dates was estimated by
extracting best linear unbiased predictors using a linear mixed effects model approach that had a
quadratic function of day of the year (see supplementary material) (Martin & Pelletier, 2011)

Petelle MB & Blumstein DT, unpublished data).

(d) Statistical analysis

First, to estimate the repeatability of the different behaviours, we fitted a linear mixed effects
model (LMM) for docility, activity, and exploration without the three variables related to the
personality maintenance hypotheses we were testing (Table 1a). We then fit the same model with
the addition of growth rate (index of productivity), a quadratic function of age (index of residual
reproductive value), and mass at capture (index of body condition) as fixed effects (Table 1b).
We used an individual centering approach (individual mean and deviation from the individual
mean) for both growth and mass (Dingemanse & Dochtermann, 2013). This approach also
allows us to estimate the between (individual mean) and within (deviation from individual mean)

individual effects of growth and mass on behaviours and assist with model convergence
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(Dingemanse & Dochtermann, 2013). A significant effect of the individual mean is related to a
decrease in between individual variance (compared to a model without the effect) and is
interpreted as explaining, at least partly, personality. An effect of the deviation from the
individual mean would be related to a decrease in the residual variance and would be interpreted
as explaining within individual variation, but not personality. Since individuals were observed at
different ages and for a different number of years, it was not possible to use an individual
centering approach with age. To correct for differences between masses among different age
classes (juvenile, yearling, and adult) we calculated individual means within each age class.
Other independent variables included time (AM/PM), date, pedestrian traffic, predator
presence (for activity and exploration only), sex, trial number, and days between trials. The
interaction was removed from the model if it was non-significant (p > 0.05). We included these
factors because they have been shown to influence personality in a previous study on docility
(Petelle et al., 2013). Individual identity and year were included as random effects. We used a
log-likelihood ratio test to determine significance of random effects (Pinheiro & Bates, 2000). A
significant effect of identity indicates a personality trait. Repeatability was estimated by taking
the individual variance divided by the total phenotypic variance after accounting for fixed
effects. All models were fitted in R 2.14 (RDevelopment, 2012) with the package Ime4 (Bates et
al., 2012). We calculated MCMC p-values using the pvals.fnc function in the language R
package (Baayen et al., 2008). Metadata are archived at www.eeb.ucla.edu/Faculty/Blumstein/

MarmotsOfRMBL/data.html
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3. Results
(a) PCA and repeatability
Principle component analysis of Open Field and Mirror Image Stimulation data resulted in the
extraction of four and six factors, respectively. The first OF and MIS components were
characterized by activity, while the second OF and third MIS component were labelled as
exploratory (see Supplementary Table 1 for component loadings). We thus limited our analyses
to the first and second OF components and the first and third MIS factors.

Docility was significantly repeatable. Both activity and exploration were repeatable in both
OF and MIS tests (Table 1a and Table 1b). We can therefore consider docility, activity, and

exploration to be personality traits within this population.

(b) Maintenance of personality

Productivity: We found no significant effects of individual mean (between individual) growth
rate on either docility (Table 2; Figure 1) or activity or exploration in OF and MIS (Table 2,
Figure 2). Additionally, deviation from the individual mean (within individual) in growth rate
did not significantly influence docility, activity, or exploration (Table 2). Residual
Reproductive Value: We found no significant effect of age on any personality trait, nor was
there a within-individual effect of age on personality (Table 2; Figure 1-3). Body Condition:
Between individual differences (mean individual effects) in mass were not associated with any
personality trait (Table 2: Figures 1-3). Interestingly, within individual effects (deviation from
the individual mean in mass) was significant for docility and OF activity (Table 2). As expected
given their non-significance, inclusion of the three hypotheses in models of personality traits did

not change variance components (i.e. repeatability, Table 1b).
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(c) Environmental factors

In addition to the three hypotheses we were testing, we found that individuals were less docile
and more exploratory in the OF test as the active season progressed (docility: f + SE =-1.21e-03
+6.99¢-04, p < 0.038; OF: 8.25¢-03 + 3.56e-03, p = 0.012). Individuals were less docile the later
in the day (-0.144 £+ 0.028, p < 0.001). Pedestrian traffic was associated with more exploration in
the OF (0.011 £ 7.60e-03, p = 0.026). With repeated tests, individuals were more docile (0.030 +
4.95e-03, p <0.001) and less active in the OF test (-0.156 + 0.048, p < 0.001). The longer the
period between trials, individuals became more docile (2.35¢-03 + 1.14e-03, p < 0.038) and less
active in OF tests (-0.016 + 0.005, p < 0.001). We also found that individuals in areas with
higher predator presence were more active in both the OF (3.710 + 0.761, p <0.001) and in the
MIS (2.130 £ 0.976, p = 0.012) tests. An increase in pedestrian traffic had a corresponding
increase in exploration in the OF test (0.001 £ 7.60e-03, p = 0.026) and decrease in activity in the

MIS test (-0.023 = 8.09¢-03, p = 0.016).

4. Discussion

Despite having large sample sizes, and sufficient power to detect other significant effects, our
investigation into the causes and maintenance of risky personality revealed no support for any of
the three hypotheses tested (productivity, residual reproduction and body condition) on any of
the five behavioural measures representing three different personality traits (docility, activity and
exploration). In addition, we found that different environmental variables affect the same

personality trait in different contexts or tests (OF and MIS).
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Environmental Variables

Although not the main focus of this study, other fixed effects included in these models to correct
for potential bias in the data (Supplementary Table 2) offer insights into how personality traits
are influenced by factors within and between contexts. These between context effects were most
prominently shown in activity between the OF and MIS tests. We found that activity was
influenced by days between trial and predator presence similarly in both the OF and MIS trials.
Activity, however, significantly decreased with trial suggesting habituation (Rankin et al., 2009)
in the OF test only. The absence of habituation in MIS might be due to the nature of the test and
the stimulation by the mirror or it might be an experimental bias. How activity is associated with
sociability (a commonly measured trait in MIS tests (Svendsen & Armitage, 1973)) is unknown
in this population. MIS tests were done by showing a mirror after 3 minutes of the OF test. If
activity decreases with time spent in the arena, activity might have already reached a low point
by the start of the MIS test, and thus showing no habituation. It should be noted that because
activity was estimate through PCA components estimated separately for OF and MIS, we were
not able to compare the mean activity level between tests. We also found that activity
significantly decreased with higher pedestrian traffic in the MIS test but not in the OF test. This
suggests that anthropogenic disturbance has a strong impact on behaviours in a social context
(Duchesne et al., 2000; Lacy & Martins, 2003). Exploration in the OF test was associated with
date and pedestrian traffic. These effects were not seen in the MIS test. Because exploration may
have occurred mostly during the OF test, these effects may have been diminished during the MIS
test. Indeed, we saw none of the effects included in the MIS model significantly influencing
exploration. This is not to say that there may be differences in the effects between contexts. Both

days between trial and time of day change sign between contexts.
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In addition to activity and exploration, we found that individuals were less docile later in the
active season, with repeated trials, and as the day progressed (Biro et al., 2010; Petelle et al.,
2013). Small, within day changes in personality has been reported previously in this system
(Petelle et al., 2013). These changes may be linked to temperature and within day metabolic
changes (Biro et al., 2010).

Interestingly, we find that personality traits are potentially influenced by different factors
between contexts (OF and MIS tests). We suggest that studies investigate personality traits
between contexts to better understand how their environment is influencing these traits. How the
environment influences the magnitude and direction of selection on traits in different situation
gives us a more comprehensive of personality in the wild, and may help us predict how selection

may shift personality traits in a changing environment.

Maintenance of personality

We found no evidence that differences in growth are associated with differences in any
personality trait. Our previous research shows that faster growing yearlings are more docile
(Petelle et al., 2013), but this effect disappeared when all ages were included. Growth rate and
other metabolic traits or life history traits, considered part of the pace of life syndrome (Réale et
al., 2010), have been found to be associated with a number of personality traits. Indeed, a
number of studies have found a positive link between growth and risk taking (Clobert et al.,
2000; Ward et al., 2004; Pottinger, 2006; Careau et al., 2008). However, in one of the largest
studies of a free-living population, Bouwhuis et al. (2014), found a weak correlation between

basal metabolic rate and personality in great tits (Parus major).
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We also found no evidence that residual reproductive value is likely to cause and maintain
personality variation. Our results suggest that neither very young nor very old individuals are
more apt to take risks while newly reproductively mature adults are more cautious. However,
variation in reproductive strategies both within and between sexes might affect our results. Long-
winged firebugs (Pyrrhocoris apterus) are supposed to have lower residual reproductive value
than the short winged ones are more risky (Gyuris ef al., 2011). This effect however was
observed only in females and is explained by differences in reproductive investment both
between sexes and morphs. In one of the largest studies of life history traits and personality,
older bighorn rams (Ovis canadensis) that were bolder had higher reproductive success.
However, the study also found that more docile, older individuals also had higher reproductive
success (Réale et al., 2009) indicating that within a sex, differences in reproductive strategies
could lead to different relationship between personality, age and reproduction. We found no such
effect of sex in our analysis, although this may be due to the underrepresentation of adult males
in our study (Ngociliy = 67; Normis = 17). In addition a better understanding of variation in
reproductive strategies of both sexes is needed to clarify its impact of behavioural variation and
personality maintenance.

We found no association between differences in mass and differences in risk-taking
behaviour. Previous work on this species found that heavier yearlings were less docile (Petelle et
al., 2013), but this effect was not seen when we included all age groups in the analysis. No
association between body mass and docility was observed in bighorn ewes (Réale et al., 2000),
however, heavier eastern chipmunks (7amius striatus) were found to be less docile (Martin &
Réale, 2008). Thus, our results are inconsistent with the safety-dependent hypothesis, which

predicts that individuals in better body condition should take more risks. Differences in mass did
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not have an effect on activity or exploration in either the OF or MIS test. A previous review of
muroid rodent personality found no association between OF exploration and mass (Careau et al.,
2009). Additionally, MIS tests are typically used to assess social attributes, and body condition
appears not to influence activity within this social context. However, previous research has
shown that body condition does influence both the probability of dispersal as well as an
individual’s social rank (Huang ef al., 2011). Whether there is a life-long link between activity,
exploration and dispersal remains to be determined in this species. Risk-prone behaviour has
been shown to be part of a dispersal syndrome, but age-dependent variation of boldness was
found to be related to the age at which animal disperse (Petelle et al., 2013).

Interestingly, individuals that deviated from their mean body mass varied their docility and
activity level. Individuals that were lighter than their average had higher levels of docility. We
are unsure why this might be, but when an individual is lighter they may be conserving energy
by not struggling when trapped. However, when lighter than on average individuals compensated
by being more active and inversely were less active when bigger. This makes intuitive sense as
individuals are attempting to gain more mass they may need to be more active or explorative to
find food. Likewise, mass compensation influenced activity and exploratory behaviour in zebra
finches (Taeniopygia guttata) (Krause & Naguib, 2011). However, in that study, individuals with
higher compensatory growth were less explorative and less active.

In this study, we assume that the OF and MIS components reflect the same personality traits
because they have similar component loadings in a PCA. Thus, activity and exploration were
measured and evaluated in two different contexts, OF and MIS. We found that different
environmental variables were significant between analyses of activity and exploration in OF and

MIS. This could suggest that selection may act upon a personality trait through different
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environmental variables between contexts (Sinervo & Calsbeek, 2010). A selection analysis
between these contexts is beyond the scope of this paper. However, it could also suggest that
despite their similarities in experimental set-up and component loadings of behaviour in a PCA,
OF and MIS tests are capturing different personality traits that are not directly equivalent.
While significant covariates are able to explain variation in personality traits, none of the
predictions from three proposed hypotheses (productivity, residual reproductive value, or body
condition) explain personality variation in this marmot population. Although there are multiple
studies that investigate one or more of these hypotheses, this is the first to explicitly test
simultaneously the three most common on a large, multi-year dataset from a free-living
population. There are other potential mechanisms that may explain variation in personality
including other physiological traits or social niche specialisation (Bergmiiller & Taborsky, 2010;
Laskowski & Pruitt, 2014). Future studies should specifically evaluate other potential

mechanisms.
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Table 4-1.

Without growth, age class,

and mass (1a) Variance Ratio LRT P-value
N
obs-  Mean Pheno-
Trait ind (SD) Identity Year typic  Identity Year Identity Year Identity Year
6814-  4.289
Docility 941 (0.932) 0.178 0.011 0.866  0.206 0.013 743.095 47.869 <0.001 <0.001
Activity 398-
(OF 1) 166 0(1) 0.142 0.022 0.701 0.203 0.031 9328 2443  0.002 0.118
Exploration  398-
(OF 2) 166 0(l) 0350 0.157 1.189  0.295 0.132 15.755 16.562 <0.001 <0.001
Activity 392-
(MIS 1) 165 0(1) 0.543 0.052 1.100 0.495 0.048 24.564 5314 <0.001 0.020
Exploration = 392-
(MIS 3) 165 0(1) 0.016 0.001 0.060 0.265 0.021 8.844 1.158  0.003 0.282
With growth, age class, and
mass (1b) Variance Ratio LRT P-value
N
obs-  Mean Pheno-
Trait ind (SD) Identity Year typic  Identity Year Identity Year Identity Year
6814-  4.289
Docility 941 (0.932) 0.179 0.011 0.861 0.208 0.013 749.906 48.975 <0.001 <0.001
Activity 398-
(OF 1) 166 0(1) 0.158 0.016 0.649 0.244 0.025 17.061 0.875 <0.001 0.350
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Exploration  398-

(OF 2) 166 0(1) 0333 0.127 1.135 0.294 0.112 14980 12.308 <0.001 <0.001
Activity 392-

(MIS 1) 165 0(1) 0573 0.050 1.110 0517 0.045 30.858 3.458 <0.001 0.063
Exploration  392- 9.05e-

(MIS 3) 165 0(1) 0.014 04 0.059  0.244 0.015 7.413  0.601 0.006 0.438

Variance components, variance ratio, log-likelihood ratio tests (LRT) and significance of random effects with and without growth,
age, and mass for docility (in the trap) and activity and exploration during open field (OF) and mirror image stimulation (MIS) tests.
Table 1a reports information for models without growth rate, age class, and mass as fixed effects, while Table 1b describes the models
with them. Activity and exploration in OF and MIS were estimated from principal component analyses (factors 1 and 2 for OF, factor
1 and 3 for MIS respectively) and have a mean of 0 and a standard deviation of one. Total number of individuals, trials, mean of the
traits, and standard deviation are also reported. We added four and square root transformed Exploration (MIS 3) to normalize

residuals.
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Table 4-2.

Docility Activity (OF) Exploration (OF) Activity (MIS) Exploration (MIS)
Esti- P- Esti- P- Esti- P- Esti- P- Esti- P-
mate S.E. value mate S.E. value mate S.E. value mate S.E. value mate S.E. value
Growth 4.00 4.85 1.55 1.67 297 217 -2.33  2.33 -2.16  5.11
(between) e-05 e-05 0324 e04 e04 0.183 e-04 e-04 0.196 e05 04 0.696 e-05 e-05 0.642
Growth -6.26  3.10 6.54 1.40 3.19 1.77 1.88 1.60 -9.71  4.26
(within)  e-05 e-05 0.060 e-05 e-04 0.807 e-05 e04 0.707 e-04 e-04 0425 e-06 05 0.856
Age 0.072 0.039 0.120 -0.206  0.15 0.214 -0.137 0.192 0.994 -0.229 0.186 0.326 0.049 0.046 0.105
-6.62  3.03 9.21 -4.57 493
Age™2 e-03 e-03 0.064 0.022 -0.016 0.170 e-03 0.021 0.653 0.027 0.201 0.270 e-03 e-03 0.104
Mass 416 294 -7.88  1.17 2.38 1.48 2.63 1.46 8.62  3.57
(between) e-05 e-05 0.131 e-05 e-04 0332 e-04 e04 0.172 e-05 e-04  0.839 e-06 e-05 0.999
Mass -9.26 3.09 3.34  1.06 2.31 1.33 5.00 1.25 298 324
(within) e-05 e-05 0.001 e-04 e04 0.006 e-05 e-04 0498 e-05 e-04 0.865 e-05 e-05 0.222

Estimate, standard error, and p-values for growth, age (as a quadratic function), and mass for all docility and activity and exploration

in both OF and MIS. We provide both between and within individual estimates for growth and mass.
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Figure 4-1
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Relationship between personality traits docility (panels a-c), activity (d-i1) and exploration
(j-0) and growth (difference in grams between mass on the 15" of June and 15" of
August), age (in years), and mass at capture (in grams). Activity and exploration were
estimated from principal components analyses of behaviours in both open field (OF) and
mirror image stimulation (MIS) tests (factors 1 and 2 for OF, factor 1 and 3 for MIS

respectively).
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Supplementary Methods

Growth: Previous studies show that estimating body mass using best linear unbiased
predictors (BLUPs) calculated from a linear mixed effects models are more accurate than
using a simple linear regression for individual (Martin & Pelletier, 2011). Using multiple
body mass measures per individuals per year, we fitted a linear mixed model with body
mass as a function of a quadratic effect of day of the year. We included identity, day,
year, and colony as random effects. We extracted both individual intercepts and slopes
(BLUPs) to estimate mass on the 1 June and 15 August for each year. Growth is the

difference between these two estimates.

51



Supplementary Table 1.

Open Field Mirror Image Stimulation

Behavior/Traits 1 2 3 4 1 2 3 4 5 6
N heart beats (15 sec.) 0.136 -0.139 0.601 -0.519| 0.131 -0.18 -0.057 0.732 -0.186 -0.258
Defecate 0.021 -0.162 0.404 0.66 | 0.123 -0.036 -0.05 0.041 -0.074 0.868
Urinate 0.073  0.128 -0.077 0.594 | -0.107 -0.023 0.276 -0.086 0.476 0.323
Immediately out 0.008 0.053 0.713 0.088 | -0.103 0.076 0.054 0.801 0.106 0.252
Percent boxes visited 0.754 034 0.11 0.062] 0.705 0.263 0.443 0.011 0.092 0.105
N lines crossed 0.908 0.199 0.043 0.084 | 0.755 0.299 0.335 -0.044 0.034 0.046
N alarm call -0.112 -0.071 -0.385 -0.01| 0.087 0.031 -0.158 0 0.841 -0.183
N jump 0.615 -0.384 -0.214 0.152| 0.692 0.14 -0.177 -0.116 -0.08 0.078
N sniff 0.44 0.82 0.042 0.081| 0372 0.208 0.827 0.022 -0.023 -0.016
N walk 0.889 0.225 0.124 -0.011| 0.822 0.289 0.314 0.066 -0.034 -0.008
N total look 0.793 0.173 0.138 0.029| 0.728 0.268 0.212 0.045 0.361 -0.017
Proportion sniff 0.335 0.876 0.048 0.085| 0.264 0.16 0874 -0.01 0.001 -0.017
Proportion walk 0914 0.126 0.158 -0.063| 0.808 0.187 0.327 0.127 -0.089 -0.026
Proportion look -0.849 -043 -0.146 0.015| -0.49 -0.625 -0.391 -0.017 0.123 0.048
Latency to approach - - - -1 -0.327 -0.608 -0.197 -0.066 -0.171 -0.082
mirror (sec.)
Proportion spent at - - - - 0.14 0.841 -0.06 -0.064 0.155 -0.018
mirror
N scratch mirror - - - -1 0426 0.763 0.206 -0.08 -0.097 -0.029
Proportion scratch mirror - - - -1 0.169 0.877 0.168 -0.032 -0.11 -0.039
Percent variance 42.518 9.896 8.867 7.563140.351 9.178 6963 6.555 6.178 5.715
explained
Total variance 42518 52.413 61.28 68.843 [ 40.351 49.528 56.491 63.047 69.224 74.939
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Principle component analysis of behaviours scored in both open field (OF) and mirror
image stimulation (MIS) tests. Loadings with variance explained by each component and
total overall variance for components with an eigenvalue greater than one. We considered
a variable significantly loaded onto a component if it had a value greater than |0.500].
Defecate, urinate, and immediately ran out of the trap were scored as happening with a

dichotomous value (0/1).
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Supplementary Table 2.

Exploration Activity Exploration
Fixed Effect  Docility Activity (OF1) (OF2) (MIS1) (MIS3)
4.15+ -2.146+
Intercept 0.170%** -0.407£0.610  0.8469* 0.178+ 0.8016  1.752+0.1799
-9.76E-04+ 4.33E-03+ 8.25E-03+ 1.52E-03=+ 9.60E-04=+
Date 6.42E-04 2.65E-03 3.56E-03* 3.37E-03 7.87E-04
Days between 2.30E-03+ -1.61E-02+ -6.28E-03+ -1.14E-02+ 2.22E-04+
trials 1.04E-03* 4.83E-03***  5.90E-03 5.23E-03** 1.47E-03
Predator 1.11E-02+ 3.711+ 0.5283+ 7.20E-02+
Presence 2.50E-02 0.716%** 0.9534 2.131£0.976* 0.214
-0.146+ 3.83E-02+ 0.1386+ 0.1089+ -3.67E-03+
Time (PM) 2.56E-02***  9.80E-02 0.1193 0.1085 3.04E-02
2.88E-03+ -0.132+ -7.71E-02+ -4.52E-02+ -8.95E-03+
Sex (M) 3.76E-02 0.1089 0.1408 0.1504 3.32E-02
Pedestrian -2.63E-03+ -9.24E-03+ 1.10E-02+ -2.32E-02+ 1.47E-03=+
Presence 1.64E-03* 5.56E-03 7.60E-03* 8.09E-03* 1.66E-03
3.13E-02+ -1.56E-01+ -1.34E-01+ -2.40E-02+ -6.62E-03+
Trial 4.52E-03***  4.82E-02***  5.87E-02 5.27E-02 1.48E-02
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<0.05; ** < 0.01; *** <0.001
Coefficients and standard errors for fixed effects of models for docility and activity and
exploration in both open field (OF) and mirror image stimulation (MIS) tests with

growth, age, and mass.
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CHAPTER 5
HERITABILITY AND GENETIC CORRELATIONS OF PERSONALITY TRAITS IN

YELLOW-BELLIED MARMOTS

Abstract

Describing and quantifying animal personality is now an integral part of behavioral
studies because individually distinctive traits may have ecological and evolutionary
consequences. Yet, to fully understand how personality traits may respond to selection,
one must understand the underlying heritability and genetic correlations between traits.
Most studies that have investigated the additive genetic variance of personality traits
typically find a moderate amount of heritable variation, but few studies have been
conducted on wild populations. Estimating heritability in the wild is important because
environmental conditions reveal the often reduced, additive genetic variance found in
nature. In addition, to understand how a population may respond to selection, one must
identify possible constraints caused by genetic correlations. We estimated the additive
genetic variance of docility, exploration, and activity in a wild population of yellow-
bellied marmots (Marmota flaviventris), and the additive genetic variance for exploration
and activity in a second context. We found little to no significant heritability in these
traits (0.033-0.151). We found phenotypic correlations were explained by both genetic
and permanent environment correlations but not correlations between maternal effects.
This is one of a handful of studies to take a quantitative genetic approach to understand
personality traits in the wild, and thus, gives insights into the evolution and maintenance

of personality.
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Introduction

Individuals from many different taxa have been shown to behave in consistent,
individually different ways (Gosling, 2001) —a phenomenon referred to as personality—
which may have important ecological and evolutionary consequences (Réale et al., 2007).
For example, variation in personality traits is often associated with alternative strategies
in life history (Réale et al., 2000; Wolf et al., 2007), and can have important effects on
fitness (Smith & Blumstein, 2008). Thus, these consistent differences may have long-
term demographic consequences for populations. Furthermore, the substantial phenotypic
variation within personality traits suggests that variation is actively maintained within
populations (Boon et al., 2007). To understand the maintenance of this variation, it is
important to understand the additive genetic variation upon which selection may act.
Additionally, many personality traits are phenotypically correlated with each other and
create what are referred to as behavioral syndromes (Sih et al., 2004). Such syndromes
may constrain selection and prevent the erosion of genetic variation under constant
selection. Therefore, to understand the potential response to selection of a trait within a
population, one must know the heritability of that trait, as well as the potential genetic
constraints generated by genetic correlations.

Few studies have investigated the genetic and environmental sources of
co(variances) of behavior and personality (Stirling et al., 2002) despite the importance of
these effects on evolution (Falconer & Mackay, 1996; Lynch & Walsh, 1998).
Quantitative genetics is based on the theory that complex traits are based on not just a

small number of genes, but many genes. These genes make up the additive genetic
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variance of a trait. As additive genetic variance increases compared to phenotypic
variance, the heritability, or 4, also increases. Heritability is part of the breeder’s
equation, and is important in estimating how a trait will react to selection (Falconer &
Mackay, 1996). Few studies have estimated the heritability of personality traits in the
wild, and thus, we know very little about how personality reacts to selection in nature.
Indeed, lab-based estimates seemingly over-estimate additive genetic variation when
compared to the low to moderate heritabilities reported in the wild (van Oers et al., 2005;
Sinn et al., 2006; Lea et al., 2010; Taylor et al., 2012) suggesting that the environment
has a large effect on phenotypes. In one of the best examples of heritability of personality
in a wild population, (Taylor et al., 2012), found that a population of red squirrels
(Tamiasciurus hudsonicus) had relatively small heritabilities (0.08-0.12) in a number of
commonly measured personality traits. They also found relatively small maternal and
permanent environment effects, but found larger genetic and maternal genetic
correlations. Two studies by Réale et al. (2000, 2009) found moderate to high heritability
in big horn sheep (Ovis canadensis). However, they detected no maternal effects in their
population.

In addition to quantifying the heritability of a trait, one must understand what
constrains trait evolution. Traits are often not independent of one another due to linkage
disequilibrium or pleiotropic effects. Selection is therefore multivariate, influencing
multiple traits at once (Lande & Arnold, 1983). Only by understanding the genetic
architecture and the underlying correlations can we understand selection and the
evolution of traits. These correlations between personality traits, or behavioral

syndromes, may have an underlying genetic cause (Dochtermann, 2010) and may explain
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the suboptimal behavior of some individuals (Sih et al., 2004). Thus, to understand how
personality traits may respond to selection and evolve, we must understand the magnitude
and directions of genetic correlations as well.

We quantified the additive genetic, maternal, and permanent environment
variances and the correlations of four personality traits — docility, activity, sociability,
and exploration — in a wild population of yellow-bellied marmots (Marmota flaviventris-
hereafter referred to as marmots). Behavioral syndromes are hypothesized to have an
underlying genetic component, but this assumption is often not tested. Other potential
mechanisms include correlations due to permanent environment or maternal effects.
Furthermore, no studies to our knowledge have tested whether personality traits measured
under different contexts share the same underlying genetic causes. Like other studies in
the wild (Taylor et al., 2012), we expect heritability to be relatively small because of high
environmental variation. Although we expect phenotypic correlations among and within
personality traits, we have no a priori hypotheses about the underlying architecture of

those correlations.

Methods

Study species and sites

Yellow-bellied marmots are large (3-5kg), semifossorial, sciurid rodents, native to North
America, that live in colonies that consist of one or more matrilineal groups (Frase &
Hoffmann, 1980). Marmots are active from mid-April to mid-October and hibernate
through the winter (Blumstein et al., 2006). We differentiate three age categories:

juveniles, which are young of the year; yearlings, individuals that have survived their first
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winter; and adults, individuals that have survived their second winter and are
reproductively mature. Our study population is located in the upper East River Valley,
Gunnison, Colorado, the site of Rocky Mountain Biological Laboratory (RMBL). We
regularly trap multiple colonies in and around the RMBL, which is located in Gothic,
Colorado (38° 57' 29" N; 106° 59' 06" W). This population has been followed since 1962
(Armitage, 2010; Blumstein, 2013), and the individual behavior used in this study having

been collected since 2002 (Petelle et al., 2013).

Pedigree

We assigned parentage using DNA collected from individuals studied from 2002-2012.
Detailed methods are described in (Olson & Blumstein, 2010). Briefly, however, we
extracted DNA using Qiagen QIAamp DNA MINI kits and genotyped individuals at 12
microsatellites. Alleles were visualized and scored using GENEMAPPER, and parentage
was assigned using CERVUS 3.0 (Kalinowski et al., 2007). Juveniles were trapped the
first time they emerged out of the maternal burrow. This allowed us to behaviorally
match juveniles to mothers. To confirm behavioral assignment, we ran CERVUS to
match maternity and paternity to juveniles using a maximum likelihood method at 95%
trio confidence. Since 2002, we have genotyped 1432 individuals from 136 dams and 71

sires.

Quantifying Personality

Docility is a commonly measured personality trait, and is a measure of how an individual

reacts to being trapped and handled (Réale et al., 2000). We quantified docility in 920
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individuals with data collected during 7904 trapping events from 2002 through 2012. At
each trapping event we dichotomously (0/1) scored whether individuals struggled in the
trap, tooth chattered, alarm called, struggled in the bag, and hesitated to walk into the
handling bag. These were summed and subtracted from the total potential score. Thus, an
individual who scored a 5 is considered docile during that trapping event while an
individual who scores a 0 is non-docile.

During the 2010-2012 active seasons, we tested 183 individuals in 508 open-field
and mirror image stimulation test. After individuals had been regularly trap processed
(weighed, left hind foot measured, sexed, ear tags checked and replaced if required, feces
collected if present), they were brought to a shaded arena for testing. Open-field (MIS)
and mirror image stimulation (MIS) tests were conducted in an opaque arena measuring
91.4 cm’ made of 0.47 cm opaque PVC sheeting with a wire mesh top to prevent escape.
A mirror (30.5 x 61.0 cm) was placed at the base of one side of the arena and covered
with an opaque sliding door. A door (61.0 cm?) was cut out of the opposite side. Sixteen
equal squares were drawn on the floor of the arena to quantify activity and exploration.
Individuals were gently placed in the middle of the arena and their subsequent behavior
was video recorded. The first three minutes were the OF test where the marmots were
able to explore the arena without obstruction. After the OF test, the mirror was exposed
and the following three minutes constituted the MIS test. Marmots were gently coaxed
back into a trap and transported and released where they were originally trapped.

OF and MIS behavior was scored using the event recorder JWatcher (Blumstein
& Daniel, 2007), which allowed us to quantify the duration and frequency of the

following behaviors; walk (quadrapedal and bipedal), look (quadrapedal and bipedal),
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jump, alarm call, and sniffing/smelling. For MIS only, we also included
scratching/pawing at the mirror. We also quantified the number of squares each
individual entered and the proportion of squares entered (See Petelle & Blumstein, 2014

for full methods).

Statistical Analysis
Rather than analyzing each OF/MIS behavior separately, we chose to reduce the number
of correlated traits using a principal components analysis with varimax rotation. OF and
MIS were analyzed separately. Components with eigenvalues greater than 1.0 were
retained for further analysis.

We estimated additive genetic, permanent environment, maternal, and year effects
for the resulting OF and MIS components and docility using an animal model with a
Bayesian approach (Wilson et al., 2010). We fitted the generalized linear mixed effects
models using a Markov Chain Monte Carlo. We first fit each personality trait with a
univariate model with the fixed effects of sex and age class and other fixed effects that
had previously been shown to significantly influence personality traits (Petelle et al. in
review). The sociability component had previously not been analyzed, so we included
sex, age class, Julian date, pedestrian traffic, predator pressure, days between trial, and
trial number as fixed effects (see Petelle et al., 2013 for methods on the calculation of
pedestrian and predator pressure). We included individual twice, dam, and year as
random effects. In this case, individual is included twice in order to separate the additive
genetic and permanent environmental variances. One individual term is connected to the

pedigree and estimates the additive genetic variance while the other individual term
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estimates the permanent environment. Variance parameters were estimated as the
posterior mode with 95% credible intervals based on the posterior distribution of the
parameter. Posterior distribution of heritability was estimated with the equation 4* =
VA/Vp. In this equation, W is heritability, V, is the additive genetic variance, and Vp is
the total phenotypic variance. Other ratios were calculated the same way except for
repeatability, which is the sum of both additive and permanent environmental effects
(repeatability = (V4 + Vpg)/Vp). Since variance parameters are bounded above zero, we
estimated importance of random effects by looking at the deviance information criteria
(DIC) (Spiegelhalter et al., 2002). DIC is analogous to the Bayesian version of Akaike
information criterion (AIC). For this reason, we used a delta DIC value of 2 to identify
important random effects. To do so, we removed random effects one at a time from the
full model and estimated the DIC.

To estimate genetic correlations, we fit bivariate models for each pair of
personality traits. We rescaled the covariance into correlations using the equation (r =
Covap / VV,Vy).

For all analyses, we used the package MCMCglmm (Hadfield, 2010) in R
(RDevelopment, 2012). For univariate models, the posterior distribution was sampled
every 500 iterations with a burning of 30,000 for a total of 530,000 samples. The
bivariate models were sampled every 1000 iterations with a burning of 30,000 for a
sample of 1,030,000. Mixing of chain was assessed visually and the autocorrelation was

below 0.05 for all parameters. We used non-informative inverse-wishart for all models.
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Results

We extracted four and six principle components for OF and MIS tests, respectively. After
reviewing the component loadings, we identified two OF and three MIS components that
corresponded with personality traits. The first component in each test was labeled
activity, the second and third component of the OF and MIS test, respectively, were
identified as exploratory, and the second MIS component was labeled sociability
(Supplementary Table 1 for component loadings). The two OF components explained
approximately 52% of the variance while the three MIS components explained 56%
(Petelle et al., 2013).

The additive genetic variance for docility was relatively small, but nonetheless
significant (A° = 0.07; 95% CI = 0.031 - 0.128; ADIC = 3.930). We also found activity
(OF1) (0.151; 0.026 — 0.258; 11.676) and exploration (MIS3) (0.067; 0.013 — 0.137;
4.529) to be heritable. All estimates of heritability are given in Table 1. While the delta
DIC value for sociability (MIS2) (0.039; 0.013 — 0.181; 1.943) was not above our
threshold for inclusion, we include it in our discussion as a heritable trait (See
Supplementary Table 2 for all ADIC).

The variation attributed to the permanent environment was also small in most
cases (Table 1), but was larger than the additive genetic variance in docility, exploration
(OF2), activity (MIS1), sociability (MIS2), and exploration (MIS3) (Table 1). Maternal
effects were also small, but docility (me” = 0.041; 95%CI = 0.020 — 0.069; ADIC =
11.31) and sociability (0.058; 0.013 — 0.153; 4.015) had large ADIC . Year effects
similarly were small and significant for docility (ye* = 0.024; 95% CI = 0.0119 — 0.070;

ADIC = 58.63), and both activity (ye’or = 0.088; 95% CI =0.013 — 0.153; ADIC =
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16.495; yeles =0.077; 0.143 — 0.514; 20.475) and exploration (yeZOF =0.147; 95% CIl =
0.015 —0.209; ADIC = 26.051; ye’ys = 0.062; 0.019 — 0.195; 11.298) in each context
(Table 1).

We found a number of behavioral syndromes, or phenotypic correlations, among
personality traits. As expected, we found a positive phenotypic correlation between
activity in the OF and MIS tests (rp = 0.571; 95% CI =0.303 — 0.741). We also found a
positive correlation between both OF and MIS activity and sociability (OF/sociability: rp
=0.450; 95% CI=0.206 — 0.712 and MIS/sociability: rp = 0.483; 0.185 — 0.687). Finally,
we found one negative correlation between activity in the OF test and docility (rp = -
0.301; 95%CI =-0.571 to -0.074) (for full P-matrix see Supplementary Table 3).

We then investigated the potential genetic, permanent environment, and maternal
correlations that may be the underlying cause of these phenotypic correlations. We found
only one significant genetic correlation — activity in the OF test and sociability (rg =
0.673; 95% CI = 0.005 — 0.833) (for full G-matrix see Supplementary Table 4). We did,
however, find a number of permanent environmental correlations between activity in the
OF and MIS tests (rpe = 0.641; 95% CI = 0.095-0.862), and, interestingly, between
docility and exploration in the MIS test (0.521; 0.070 — 0.806) (Supplementary Table 5).
We found no maternal correlations between or within traits (Supplementary Table 6).
Effects with 95% CI excluding zero were deemed significant. It should be noted that
there are a number of phenotypic, genetic, and permanent environment correlations that
are moderate to high but were not significant because of large 95% confidence intervals

and almost excluded zero.
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Discussion

The maintenance of personality variation is an important question in behavioral
ecology and evolution. This is because personality traits may be linked to life history
syndromes (Wolf et al., 2007; Biro & Stamps, 2008), and because they may have both
fitness consequences (Smith & Blumstein, 2008), and influence population demography
(Armitage, 1986). Personality variation may be maintained because there are multiple
optima on a fitness landscape, or because there is fluctuating selection over time or space
(Boon et al., 2007). However, in each of these scenarios, personality must be heritable to
evolve.

Our results suggest a number of conclusions. First, some of the personality traits
we investigated have low heritability, and therefore variation has some underlying
genetic origin. Second, there are a number of distinct phenotypic correlations. Activity is
correlated across context, activity in both contexts is correlated with sociability, and
activity is negatively associated with docility. Finally, potential evolutionary change for
some of these traits is likely to be constrained by underlying genetic or permanent
environment correlations. Because some of these correlations are due to the shared
permanent environment, this suggests that natural selection has coupled these traits
together, and therefore syndromes at the phenotypic level may be an adaptive strategy for
this population.

We found none to low heritability in all of our personality traits. Although these
estimates are relatively small when compared with other behaviors (Stirling ef al., 2002),
heritability estimates in personality traits vary widely, but estimates are generally smaller

when estimated in the wild than in captivity (Sinn et al., 2006; Taylor et al., 2012). A
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study on wild dumpling squid (Euprymna tasmanica) tested in the laboratory found non-
significant heritability of behavioral traits in a number of different foraging contexts, but
did identify significant heritability (4* = 0.2-0.8) in anti-predator behaviors (Sinn ef al.,
2006). And, like our study, Taylor et al. (2012) found low heritability in docility (h* =
0.09), aggression (A = 0.12), and activity (4* = 0.08) in wild red squirrels. Thus,
personality traits measured in the wild, despite having moderate repeatabilities, may
generally have low heritabilities. Low heritability might suggest that these traits are
linked to fitness and genetic variation has been eroded (Falconer & Mackay, 1996; Kruuk
et al., 2000). An equally likely hypothesis is those residual and phenotypic variances
covary. This is because when phenotypic variance increases, the residual variance also
increases. This covariation results in the additive genetic component of variance
explaining less of the total phenotypic variance, a process that reduces heritability
estimates (Stirling et al., 2002). Repeatability sets the upper limit to heritability (Falconer
& Mackay, 1996) and our results show that repeatability in our population is often much
higher than heritability. Our estimates of repeatability were low to moderate, and are
generally comparable to most repeatability estimates of personality in the wild, but are
lower than most estimates of behavioral repeatability (Bell et al., 2009).

We also found that permanent environment effects were, in some cases, larger
than heritability estimates. This suggests that, for those traits where this pattern is found,
the shared environment potentially plays a much larger role in accounting for personality
variation than the underlying genes. This is not surprising because, in the wild, the
environment often has a large effect on trait variation. Indeed, other studies of personality

in the wild reported substantial and significant permanent environmental effects (Réale et
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al., 2009; Taylor et al., 2012). We also found small maternal effects in docility, and
found a small, but not significant maternal effect on sociability (MIS2). Maternal effects
can have long-term consequences on individuals (Reinhold, 2002; Weaver et al., 2004;
Résdnen & Kruuk, 2007). However, few studies of personality have estimated these
effects in wild populations (Réale et al., 2009; Taylor et al., 2012). These maternal
effects on sociability can have long lasting effects on this population. Social, or more
well-connected, female marmots are more likely to remain in their natal colony
(Blumstein et al., 2009), and the recruitment of individuals into a colony can have large
demographic consequences (Armitage, 1986). Thus, maternal effects on sociability may
have wide-ranging effects on this population of marmots. Like our study, Taylor et al.
(2012) found low heritability in their population while Réale et al. (2009) found none.
Estimating heritability and different environmental and maternal effects alone is
insufficient to understand how traits may respond to selection. How those traits covary at
the phenotypic and genetic level is equally important to understanding evolutionary
potential. We found a number of traits correlated at the phenotypic level. Activity was
correlated across contexts, as it should, if tests are measuring the same trait. Activity was
also positively associated with sociability. This correlation could arise if more active
individuals are coming into contact with more individuals, or because there is a high
degree of betweenness between different social groups (Krause ef al., 2010).
Betweenness is a social network metric that measures the centrality of an individual
based on the shortest paths between pairs of individuals in that group. Thus, if an
individual connects two groups and has connections within each group, they have a high

level of betweennness (Wey et al. 2008). The exact ecological consequences of these
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traits are unknown at this time, and future work should focus on how sociability in the
MIS is associated with sociability in a natural setting using social network metrics.
Finally, there was a negative correlation between activity in the OF test and docility. This
also makes intuitive sense as docility is composed of measures of activity in trapping and
handling (struggling in trap or handling). Thus more active individual in the OF test may
also be more active in the trap and therefore receive lower docility scores.

We found only one genetic correlation underlying these phenotypic correlations.
The genetic correlation between activity in the OF test and sociability in the MIS test
means that these traits may constrain the independent evolution of each other. We are
unable to determine whether these correlations are from pleiotropy or linkage
disequilibrium.

We also detected two permanent environment correlations. This suggests that the
shared environment, either at the colony or site level, influences the formation of
syndromes. The positive permanent environment between activity between OF and MIS
makes intuitive sense methodologically and because a common environment may select
for a context-general activity syndrome. However, because these traits are not correlated
at the genetic level, they are not considered the same trait. But since they are
phenotypically correlated at the individual level, there must be something during
ontogeny that influences activity in both contexts. We are unsure of what this might be,
but some aspect of the shared environment during development profoundly influenced
our activity measurements. The positive permanent environment correlation between
docility and exploration in the MIS tests is interesting, and this is the first study, to our

knowledge, to detect such a correlation.
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Although many of the phenotypically correlated traits did not have underlying
genetic correlations, we did find moderate genetic and permanent environment
correlations that were non-significant. These correlations had large 95% confidence
intervals and were close to excluding zero. This suggests two possible explanations; that
these traits are in fact correlated at the genetic or permanent environmental levels and we
do not have enough power to estimate correlations or reduce confidence intervals, or
these traits are in fact not correlated at specific levels. This implies that traits are truly
independent of one another as well as traits measured across contexts are not the same
trait despite the fact that we are measuring the same expressed behaviors (our PCA
components labeled exploration — OF2 and MIS3). This is important, because most
studies assume that they are measuring the same trait between contexts (Carter ef al.,
2013), but these traits need not be genetically correlated. More generally, this highlights
an issue: researchers must be wary that the personality traits they measure in different
contexts may not have any underlying genetic correlation and thus selection may act
independently on these traits. Additionally, tests that are done outside of the individual’s
natural setting (here trapping behaviors and OF and MIS tests) should be done with the
realization that these tests may constrain the expressed behavior of animals and that we
may not be measuring the true personality trait.

How these correlations, or syndromes, are formed is an active area of
evolutionary research (Dochtermann, 2010). Two hypotheses, constraint or adaptation,
are used to describe the presence of these syndromes. The constraint hypothesis states
that personality traits have an underlying genetic or physiological cause (Sih et al., 2004),

and that this correlation prevents traits from reaching their own independent optima
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(Dochtermann, 2010). The adaptive hypothesis states that natural selection forms these
suites of behaviors to be adaptive in that population’s specific environment (Bell, 2005;
Dingemanse et al., 2007).

Few studies have tested for genetic correlations between personality traits in wild
populations (Bell, 2005; Réale et al., 2009; Taylor et al., 2012), and all of these studies
found genetic correlations between traits. Interestingly, Bell (2005) found that correlation
strength changed between populations of three-spined sticklebacks (Gasterosteus
aculeatus) with or without strong predation pressure. This result suggests that
correlations between traits might be an adaptive strategy (Wilson, 1998). Indeed, she
found a fitness consequence to the correlation between traits that is linked to life history
strategies, a finding that suggests that the link is adaptive.

The generally small genetic effects that we report and that are reported in other
studies, illustrates the large influence of the environment on trait variation. Indeed, the
magnitude of environmentally-caused variation means that large sample sizes are needed
to estimate genotypic/phenotypic correlations in wild populations (Kruuk, 2004). While
our trap-related sample sizes were very large (>7000 trapping events), we conducted
substantially fewer OF and MIS experiments and this provides a constraint on estimating
effects. Nonetheless, with those somewhat smaller samples sizes we were able to estimate
other effects in our mixed models, which further highlights the relatively small amount of
genetic variation in these traits. Environment, in our population, has a predominantly
large influence on personality. Furthermore, our results suggest that there are few
underlying genetic correlations between some traits, and those permanent environment

correlations, or a shared environment, can also have an effect on phenotypic correlations.
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This provides evidence in support of the adaptive hypothesis that the environment can
generate these correlations. Studies at just the phenotypic level also suggest an adaptive
strategy because differences in correlations were found in 12 populations of three-spined
sticklebacks where predation differed between populations (Dingemanse et al., 2007).
Thus, the lack of syndromes in a population suggests that a correlation between
traits would potentially be non-adaptive. Moreover, the lack of any syndrome also allows
these traits to evolve independently of one another and reach potential independent
optima (Roff & Fairbairn, 2007). Because only one population was used, we are unable
to understand the potential mechanisms behind the correlation or independence of these
traits, but future studies of this population will evaluate the fitness consequences and

selection to understand how variation is maintained in the population.
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Table 5-1.

Heritability (h2 = Va/Vp), permanent environment effects (PE = Vpg/Vp), maternal effects (mz = Vme/Vp), year effects (YE = Vyg/Vp),

residual effects, and repeatability (VA + Vpp/Vp) for docility, activity and exploration in both contexts, and sociability. All effects are

given with the equivalent of 95% confidence intervals in parentheses.

Trait

h2

PE

m2

YE

Residual

Repeatability

Docility

Activity (OF1)

Exploration
(OF2)

Activity (MIS1)

Sociability
(MIS2)

Exploration
(MIS3)

0.070
(0.031 - 0.128)

0.151
(0.026 - 0.258)

0.033
(0.004 - 0.131)

0.037
(0.007 - 0.228)

0.039
(0.013 - 0.137)

0.067
(0.012 - 0.181)

0.111
(0.070 - 0.145)

0.063
(0.013 - 0.153)

0.071
(0.015 - 0.209)

0.300
( 0.143 - 0.514)

0.051
(0.013 - 0.116)

0.070
(0.019 - 0.195)

0.041
(0.020 - 0.069)

0.034
(0.004 - 0.111)

0.052
(0.011 - 0.142)

0.033
(0.007 - 0.096)

0.058
(0.013 - 0.153)

0.037
(0.009 - 0.107)

0.024
(0.012 - 0.070)

0.088
(0.013 - 0.153)

0.147
(0.015 - 0.209)

0.077
(0.143 - 0.514)

0.058
(0.013 - 0.116)

0.062
(0.019 - 0.195)

0.744
(0.691 - 0.778)

0.594
(0.276 - 0.753)

0.594
(0.238 - 0.754)

0.413
(0.213 - 0.551)

0.709
(0.436 - 0.823)

0.628
(0.346 - 0.806)

0.180
(0.151 - 0.222)

0.198
(0.067 - 0.340)

0.103
(0.039 - 0.286)

0.412
(0.190 - 0.544)

0.125
(0.048 - 0.216)

0.165
(0.063 - 0.311)
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Supplementary Table 1.

Principle component analysis of open field (OF) and mirror image stimulation (MIS)
tests. Components were Varimax rotated. Variance for each component and total variance
explained are at the bottom of the table. We considered any variable over |0.500| as being

significantly loaded onto that component. Significant loadings are bolded.
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Open Field

Mirror Image Stimulation

Behavior/Traits 1 2 3 4 1 2 3 4 5 6
N heart beats (15 sec.) 0.136 -0.139 0.601 -0.519| 0.131 -0.18 -0.057 0.732 -0.186 -0.258
Defecate 0.021 -0.162 0.404 0.66 | 0.123 -0.036 -0.05 0.041 -0.074 0.868
Urinate 0.073  0.128 -0.077 0.594 | -0.107 -0.023 0.276 -0.086 0.476 0.323
Immediately out 0.008 0.053 0.713 0.088 | -0.103 0.076 0.054 0.801 0.106 0.252
Percent boxes visited 0.754 034 0.11 0.062| 0.705 0.263 0.443 0.011 0.092 0.105
N lines crossed 0.908 0.199 0.043 0.084| 0.755 0.299 0.335 -0.044 0.034 0.046
N alarm call -0.112 -0.071 -0.385 -0.01 [ 0.087 0.031 -0.158 0 0.841 -0.183
N jump 0.615 -0.384 -0.214 0.152| 0.692 0.14 -0.177 -0.116 -0.08 0.078
N sniff 0.44 0.82 0.042 0.081| 0372 0.208 0.827 0.022 -0.023 -0.016
N walk 0.889 0.225 0.124 -0.011| 0.822 0.2890 0.314 0.066 -0.034 -0.008
N total look 0.793 0.173 0.138 0.029| 0.728 0.268 0.212 0.045 0.361 -0.017
Proportion sniff 0.335 0.876 0.048 0.085| 0.264 0.16 0.874 -0.01 0.001 -0.017
Proportion walk 0914 0.126 0.158 -0.063| 0.808 0.187 0.327 0.127 -0.089 -0.026
Proportion look -0.849 -043 -0.146 0.015| -0.49 -0.625 -0.391 -0.017 0.123 0.048
Latency to approach - - - -1 -0.327 -0.608 -0.197 -0.066 -0.171 -0.082
mirror (sec.)
Proportion spent at - - - - 0.14 0.841 -0.06 -0.064 0.155 -0.018
mirror
N scratch mirror - - - -1 0426 0.763 0.206 -0.08 -0.097 -0.029
Proportion scratch mirror - - - -1 0.169 0.877 0.168 -0.032 -0.11 -0.039
Percent variance 42518 9.896 8867 7.563 40351 9.178 6963 6.555 6.178 5.715
explained
Total variance 42518 52.413 61.28 68.843 [ 40.351 49.528 56.491 63.047 69.224 74.939
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Supplementary Table 2.

Traits, random effects, deviance information criteria (DIC), and delta (A) DIC for
docility, activity and exploration in OF and MIS tests, and sociability. Random effects
were removed from the full model (Individual + Maternal effect + Year) one at a time
and delta DIC was calculated. Random effects with delta DIC greater than 2 were

considered to make the model significantly better.
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Trait Random Effects DIC A DIC
Docility Individual+Maternal+Y ear 17961.67 -
Docility Maternal+Year 17965.6 3.93
Docility Individual+Year 17972.98 11.31
Docility Individual+Maternal 18020.3 58.63
Activity

(OF1) Individual+Maternal+Year 1125.758 -
Activity

(OF1) Maternal+Year 1137.434 11.676
Activity

(OF1) Individual+Year 1122.844 -2.914
Activity

(OF1) Individual+Maternal 1142.253 16.495
Exploration

(OF2) Individual+Maternal+Year 1310.282 -
Exploration

(OF2) Maternal+Year 1310.747 0.465
Exploration

(OF2) Individual+Year 1310.639 0.357
Exploration

(OF2) Individual+Maternal 1336.333  26.051
Activity

(MIST1) Individual+Maternal+Year 1195.528 -
Activity

(MIST1) Maternal+Year 1193.974 -1.554
Activity

(MIST1) Individual+Year 1194.957 -0.571
Activity

(MIST1) Individual+Maternal 1216.273  20.745
Sociability

(MIS2) Individual+Maternal+Year 1304.16 -
Sociability

(MIS2) Maternal+Year 1306.103 1.943
Sociability

(MIS2) Individual+Year 1308.175 4.015
Sociability

(MIS2) Individual+Maternal 1303.937 -0.223
Exploration

(MIS3) Individual+Maternal+Year 1352.081 -
Exploration

(MIS3) Maternal+Year 1356.61 4.529
Exploration

(MIS3) Individual+Year 1351.001 -1.08
Exploration

(MIS3) Individual+Maternal 1363.379 11.298
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Supplementary Table 3.

Phenotypic variances, covariances, and correlations (P-matrix) of yellow-bellied marmot personality traits. Variances are present on
the diagonal, the upper triangle contains the correlations, and the bottom triangle the covariances. Correlations and covariances were
considered significant if they were different than 0 (based on the Bayesian equivalent of a 95% confidence interval). Significant values

are in bold. Non-significant correlations over |0.400| have an asterisk.

Exploration Sociability Exploration

Trait Docility Activity (OF1) (OF2) Activity (MIS1) (MIS2) (MIS3)
Docilit 0.203 2?0350711 to - 0.104 -0.225 0.006 0.290

Y (0.168 - 0.249) 0 0'74) (-0.238 - 0.350) (-0.441 - 0.063) (-0.347 -0.226) (-0.006 - 0.527)
Activity 290017:1 to - 0.279 -0.275 (()05;;3 _ (()0425(())6 _ 0.033
(OF1) 0.011) (0.167 - 0.436) (-0.528 - 0.079) 0.741) 0.712) (-0.327 - 0.394)
Exploration 0.020 -0.056 0.285 -0.156 0.033 0.335
(OF2) (-0.057 - 0.101) (-0.197 - 0.022) (0.162-0.533) (-0.483-0.187) (-0.327 -0.394) (-0.049 - 0.623)
Activity 2?0017731 to ‘()013:3 - -0.033 0.675 0.483 -0.357
(MIS1) 0.024) 0.393) (-0.221 - 0.097) (0.402 -0.907) (0.185-0.687) (-0.563 - 0.039)
Sociability E?OO(?C?S to ?015454 _ 0.034 (()01:579 _ 0.216 -0.172
(MIS2) 0.144) 0.253) (-0.096 - 0.121) 0.333) (0.137 - 0.406) (-0.395-0.314)
Exploration ?_8%605 to -0.010 0.129 -0.166 -0.045 0.326
(MIS3) 0.1'44) (-0.096 - 0.121) (-0.020 - 0.246) (-0.300-0.023) (-0.126-0.089) (0.177 - 0.555)
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Supplementary Table 4.

Additive genetic variances, covariances, and correlations (G-matrix) of yellow-bellied marmot personality traits with the equivalent

95% confidence interval in parentheses. Variances are present on the diagonal, the upper triangle contains the correlations, and the

bottom triangle the covariances. Correlations and covariances were considered significant if they were different than 0 (based on the

Bayesian equivalent of a 95% confidence interval). Significant values are in bold. Non-significant correlations over |0.400| have an

asterisk.
Exploration Sociability Exploration

Trait Docility Activity (OF1) (OF2) Activity (MIS1) (MIS2) (MIS3)
Docilit 0.064 -0.408 -0.023 -0.064 -0.223 0.191

Y (0.023 - 0.109) (-0.731-0.212) (-0.632-0.488) (-0.688 - 0.457) (-0.460 - 0.561) (-0.383 - 0.653)
Activity -0.030 0.145 -0.139 0.660 (()063(:)35 _ 0.302
(OF1) (-0.098 - 0.028) (0.028 - 0.261) (-0.736-0.377) (-0.134 - 0.890) 0 é33) (-0.518 - 0.605)
Exploration -0.010 -0.020 0.089 -0.314 -0.008 0.271
(OF2) (-0.064 - 0.048) (-0.111 -0.064) (0.018-0.183) (-0.615-0.646) (-0.528 -0.586) (-0.377 -0.720)
Activity -0.022 0.079 -3.6e10-4 0.173 0.549 -0.277
(MIS1) (-0.109 - 0.068) (-0.037 - 0.228) (-0.104 - 0.106) (0.022-0.427) (-0.233-0.833) (-0.838 -0.342)
Sociability 0.007 0.082 -0.003 0.063 0.089 -0.085
(MIS2) (-0.044 - 0.068) (-0.007 - 0.170) (-0.084 - 0.066) (-0.038-0.217) (0.021-0.177) (-0.657 - 0.480)
Exploration 0.013 0.008 0.025 -0.047 -0.016 0.121
(MIS3) (-0.040 - 0.074) (-0.084 - 0.107) (-0.054-0.125 (-0.207 - 0.056) (-0.093 - 0.064) (0.020-0.247)
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Supplementary Table 5.

Permanent environment variances, covariances, and correlations of yellow-bellied marmot personality traits. Variances are present on
the diagonal, the upper triangle contains the correlations, and the bottom triangle the covariances. Correlations and covariances were
considered significant if they were different than 0 (based on the Bayesian equivalent of a 95% confidence interval). Significant values

are in bold. Non-significant correlations over |0.400| have an asterisk.

Exploration Sociability Exploration

Trait Docility Activity (OF1) (OF2) Activity (MIS1) (MIS2) (MIS3)
Docilit 0.097 -0.497 0.209 -0.104 -0.158 ?05:710 -

Y (0.064 - 0.134) (-0.724 - 0.103) (-0.276 - 0.606) (-0.571 - 0.260) (-0.617 - 0.380) ) éos)
Activity -0.035 0.085 -0.493 ?06:915 _ 0.497 -0.309
(OF1) (-0.080 - 0.016) (0.023 -0.166) (-0.752 - 0.104) 0 é62) (-0.199 - 0.740) (-0.610 - 0.486)
Exploration 0.028 -0.056 0.141 -0.322 -0.132 0.439
(OF2) (-0.030 - 0.089) (-0.138 -0.021) (0.023-0.283) (-0.747 -0.272) (-0.557 - 0.568) (-0.144 - 0.805)
Activity -0.030 ‘()(.)13(‘)16 ] -0.062 0.411 0.539 -0.624
(MIS1) (-0.118 - 0.056) ) 569) (-0.188 - 0.085) (0.118 - 0.656) (-0.057 - 0.820) (-0.799 - 0.196)
Sociability -0.009 0.026 0.006 0.107 0.071 -0.120
(MIS2) (-0.052 - 0.044) (-0.015-0.082) (-0.080-0.070) (-0.018-0.223) (0.020-0.144) (-0.492 - 0.570)
Exploration -0.018 0.006 0.064 -0.002 0.004 0.140
(MIS3) (-0.056 - 0.016) (-0.047 - 0.060) (-0.047 - 0.165) (-0.058 - 0.056) (-0.068 - 0.086) (0.024 - 0.278)
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Supplementary Table 6.

Maternal effect variances, covariances, and correlations of yellow-bellied marmot personality traits. Variances are present on the

diagonal, the upper triangle contains the correlations, and the bottom triangle the covariances. Correlations and covariances were

considered significant if the were different than 0 (based on the Bayesian equivalent of a 95% confidence interval). Significant values

are in bold. Non-significant correlations over |0.400| have an asterisk.

Exploration Sociability Exploration

Trait Docility Activity (OF1) (OF2) Activity (MIS1) (MIS2) (MIS3)
Docilit 0.046 -0.351 -0.021 -0.329 -0.105 -0.247

Y (0.022 - 0.071) (-0.673 -0.232) (-0.485-0.478) (-0.688 - 0.207) (-0.589 - 0.306) (-0.620 - 0.271)
Activity -0.017 0.058 -0.028 0.314 0.126 0.039
(OF1) (-0.050 - 0.015) (0.018-0.114) (-0.585-0.486) (-0.184-0.764) (-0.275-0.754) (-0.427 - 0.590)
Exploration -0.001 -0.003 0.089 0.044 0.342 0.230
(OF2) (-0.038 - 0.042) (-0.052-0.049) (0.018-0.183) (-0.573-0.555) (-0.529-0.647) (-0.380-0.708)
Activity -0.022 0.027 -3.6e10-4 0.070 0.200 0.120
(MIS1) (-0.062 - 0.018) (-0.016 - 0.089) (-0.104 - 0.106) (0.014 -0.153) (-0.406 - 0.741) (-0.563 - 0.548)
Sociability -0.015 0.027 0.012 0.019 0.105 -0.333
(MIS2) (-0.052 - 0.023) (-0.031 -0.100) (-0.068 - 0.088) (-0.040-0.104) (0.019-0.214) (-0.642 0.509)
Exploration -0.018 0.006 0.018 -0.002 0.079 1.460
(MIS3) (-0.056 - 0.016) (-0.047 - 0.060) (-0.047 - 0.088) (-0.058 -0.056) (-1.587-1.429) (0.024 - 3.206)
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