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Abstract

Describing and quantifying animal personality is now an integral part of

behavioural studies because individually distinctive behaviours have ecologi-

cal and evolutionary consequences. Yet, to fully understand how personality

traits may respond to selection, one must understand the underlying heri-

tability and genetic correlations between traits. Previous studies have

reported a moderate degree of heritability of personality traits, but few of

these studies have either been conducted in the wild or estimated the

genetic correlations between personality traits. Estimating the additive

genetic variance and covariance in the wild is crucial to understand the evo-

lutionary potential of behavioural traits. Enhanced environmental variation

could reduce heritability and genetic correlations, thus leading to different

evolutionary predictions. We estimated the additive genetic variance and

covariance of docility in the trap, sociability (mirror image stimulation), and

exploration and activity in two different contexts (open-field and mirror

image simulation experiments) in a wild population of yellow-bellied mar-

mots (Marmota flaviventris). We estimated both heritability of behaviours and

of personality traits and found nonzero additive genetic variance in these

traits. We also found nonzero maternal, permanent environment and year

effects. Finally, we found four phenotypic correlations between traits, and

one positive genetic correlation between activity in the open-field test and

sociability. We also found permanent environment correlations between

activity in both tests and docility and exploration in the MIS test. This is

one of a handful of studies to adopt a quantitative genetic approach to

explain variation in personality traits in the wild and, thus, provides impor-

tant insights into the potential variance available for selection.

Introduction

Individuals from many taxa have been shown to

behave in consistent, individually different ways (Gosl-

ing, 2001) – a phenomenon referred to as personality –

which may have important ecological and evolutionary

consequences (R�eale et al., 2007). Within personality

research, the maintenance of personality variation is an

important question in behavioural ecology and evolu-

tion. This is because personality traits may be linked to

life history syndromes (Wolf et al., 2007), can have fit-

ness 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, per-

sonality traits must be heritable to evolve. To under-
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stand how personality traits may evolve, it is important

to understand the additive genetic variation upon

which selection may act. Additionally, many personal-

ity traits are phenotypically correlated with each other

and create what are referred to as behavioural syn-

dromes (Sih et al., 2004). Such syndromes may

constrain selection and prevent the erosion of genetic

variation under constant selection (Dochtermann &

Dingemanse, 2013). Therefore, to understand the

potential response to selection of a trait within a popu-

lation, one must know the heritability of that trait, as

well as the constraints generated by genetic correlations

(Lande & Arnold, 1983).

Few studies have investigated the genetic and envi-

ronmental sources of (co)variances of behaviour and

personality (Stirling et al., 2002) despite the impor-

tance of these effects on evolution (Falconer &

Mackay, 1996; Lynch & Walsh, 1998; Kruuk et al.,

2008). Even fewer studies have estimated the heritabil-

ity of personality traits in the wild; thus, we know lit-

tle about how personality may respond to selection in

nature. Laboratory-based estimates seemingly overesti-

mate heritabilities when compared to the low to mod-

erate estimates reported in the wild (van Oers et al.,

2005; Sinn et al., 2006; Lea et al., 2010; Taylor et al.,

2012; Niemel€a et al., 2013), suggesting that the natural

environment has a large effect on phenotypes and that

phenotypic plasticity is the main driver of mean beha-

vioural trait variation. A recent study by Dochtermann

et al. (2014) shows that previous studies did not

directly estimate heritability of personality, but rather

estimated heritability of the behaviour. They suggest

that one should estimate heritability of personality

using the between-individual variance (i.e. repeatabil-

ity) as the ‘phenotypic’ variance of the personality

trait. Thus, heritability of personality, noted h2P, is the

ratio of additive genetic variance over the variance

attributed to the individual, and heritability of the

behaviour, noted h2B, is the classic heritability ratio of

additive genetic variance over total phenotypic vari-

ance.

The formation of phenotypic correlations between

personality traits is an active area of evolutionary and

behavioural ecology (Dochtermann & Roff, 2010;

Dochtermann & Dingenmanse, 2013). Two hypotheses,

constraint and adaptive, are used to explain the forma-

tion 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 (Dochtermann, 2010). The

adaptive hypothesis states that natural selection forms

these suites of behaviours to be adaptive in that popu-

lation’s specific environment (Wilson, 1998; Bell,

2005; Dingemanse et al., 2007). Thus, to determine the

(co)variance structure of syndromes, we must also

understand the potential underlying genetic, maternal

and permanent environmental variance. Detection of

genetic correlations may support the constraint

hypothesis (Sih et al., 2004), but knowledge of fitness

optima is necessary to determine whether correlations

act as constraints on evolution. The presence of mater-

nal or permanent environmental correlations suggests

a potential adaptive link between behavioural traits.

This is because maternal effects and the environment

individuals encounter can shape correlations to have

any potential advantage within that specific environ-

ment.

Furthermore, to understand how populations evolve,

it is important to understand not only the covariance

between traits, but the fitness consequences of these

covariances. Previous studies in this population by

Armitage (1986) show that affiliative behaviour, using

mirror image stimulation (MIS) tests, was associated

with recruitment of adult females to the natal colony.

Recruitment of reproductive females can influence col-

ony and metapopulation dynamics (Ozgul et al., 2009).

Furthermore, measurements of docility (which was

based on how individuals responded to trapping) were

associated with survival and reproductive success in

bighorn sheep (Ovis canadensis) (R�eale et al., 2000,

2009), as well as dispersal tendency in roe deer (Capreo-

lus capreolus) (Debeffe et al., 2014). Activity has also

been shown to influence offspring growth in red squir-

rels (Tamiasciurus hudsonicus) (Boon et al., 2007).

Although the tests here and in other studies were con-

ducted in a non-natural setting, these traits have been

shown to correlate with ecologically functional beha-

viours that influence fitness (Smith and Blumstein,

2008).

We quantified the additive genetic, maternal and

permanent environment variances and covariances of

four traits – docility, activity, sociability and explo-

ration – in a wild population of yellow-bellied mar-

mots (Marmota flaviventris hereafter referred to as

marmots). Here, we calculate heritability using both

the classic method of estimation (Falconer & Mackay,

1996), referred as heritability of the behaviour h2B,

and the newer method using the ratio of additive

genetic variance to repeatability, referred as heritabil-

ity of personality h2P (Dochtermann et al., 2014). It

should be noted that all previous studies have only

estimated h2B and not h2P (except for Dochtermann

et al., 2014). Like other studies in the wild (Taylor

et al., 2012), we expect heritability of the behaviour

to be relatively small because of high environmental

variation. This estimate should increase when using

the newer method because only a subset of the origi-

nal phenotypic variance is used to calculate the heri-

tability of personality. Behavioural syndromes are

hypothesized to have an underlying genetic compo-

nent (i.e. genetic correlation, Dochtermann & Dinge-

manse 2013). Although we expect phenotypic

correlations among and within personality traits, we
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have no a priori hypotheses about the underlying

architecture of those correlations.

Materials and methods

Study species and sites

Yellow-bellied marmots are large (3–5 kg), semi-fosso-

rial, sciurid rodents, native to North America, which

live in colonies that consist of one or more matrilineal

groups (Frase & Hoffmann, 1980; Armitage, 2014).

These colonies typically consist of one adult male, mul-

tiple adult females and their kin. The number of adult

females from 2001 to 2012 varied between 1 and 23

(mean = 4.78; SD = 4.67). 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 win-

ter; and adults, individuals that have survived their sec-

ond winter and are reproductively mature. Our study

population is located in the upper East River Valley,

Gunnison, Colorado, the site of Rocky Mountain Bio-

logical Laboratory (RMBL), Gothic, Colorado (38° 570

29″N; 106° 590 06″W). We regularly trap multiple colo-

nies in and around the RMBL. This population has

been followed since 1962 (Armitage, 2010), and the

individual behaviour for some traits used in this study

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

Pedigree

We assigned parentage using DNA collected from indi-

viduals studied from 2002 to 2012. Detailed methods

are described in Blumstein et al. (2010) and Olson &

Blumstein (2012). Briefly, we extracted DNA using Qia-

gen QIAamp DNA Mini kits and genotyped individuals

at 12 microsatellites. Alleles were visualized and scored

using GENEMAPPER, and parentage was assigned using CER-

VUS 3.0 (Kalinowski et al., 2007). Juveniles were

trapped the first time they emerged out of the maternal

burrow. This allowed us to behaviourally match juve-

niles to mothers. We used CERVUS to confirm mater-

nity and to match paternity to juveniles using a

maximum likelihood method at 95% trio confidence.

Most marmots were regularly trapped and observed

within the population; therefore, we assumed a sam-

pling proportion of 99% for candidate mothers and

96% for candidate fathers. Proportion of loci typed was

0.948 and the proportion mistyped was set at 0.01. As

many adult female marmots are philopatric, and there-

fore potentially highly related, we set the proportion of

female marmots related at a level of R > 0.4 or higher

each year (Blumstein et al., 2010; Lea et al., 2010;

Olson & Blumstein, 2012). The differences between the

expected assignment rate and the observed assignment

rate in CERVUS were never larger than 3% for any

cohorts. Since 2002, we have genotyped 1432 individu-

als from 136 dams and 71 sires (see Table S1 for

pedigree information).

Quantifying personality

Docility is a commonly measured personality trait and

estimates how an individual reacts to being trapped and

handled (R�eale et al., 2000; Petelle et al., 2013). We

quantified docility in 920 individuals with data col-

lected during 7904 trapping events from 2002 through

2012 (767 individuals had repeated measurements;

mean = 4.07; standard deviation = 3.22). At each trap-

ping 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 5 was considered docile during that trapping

event, whereas an individual who scored 0 was consid-

ered nondocile.

During the 2010–2012 active seasons, we tested

183 individuals in 508 open-field (OF) and mirror

image stimulation (MIS) tests (108 individuals had

repeated measurements; mean = 1.97, SD = 1.16).

After individuals had been regularly trap processed

(weighed, left hind foot measured, sexed, ear tags

checked and replaced if required, faeces collected if

present), they were brought to a shaded arena for

testing. Thus, OF and MIS tests were carried out rela-

tively soon after docility measurements. Full methods

for OF and MIS are published elsewhere (Petelle &

Blumstein, 2014), but briefly, during the OF test,

individuals were placed in an opaque arena measur-

ing 91.4 cm3 made of thick PVC sheeting. Individuals

were allowed to explore the arena without obstruc-

tion for 3 min. Immediately after the first 3 min, and

while still in the arena, individuals were presented

with a mirror for the MIS test.

OF and MIS behaviour was scored using the event

recorder JWATCHER (Blumstein & Daniel, 2007), which

allowed us to quantify the duration and frequency of

the following behaviours: walk (quadrupedal and bipe-

dal), look (quadrupedal and bipedal), 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 pro-

portion of squares entered (Petelle & Blumstein, 2014).

OF tests are often used to test activity and exploration

in personality studies (Carter et al., 2013), and MIS has

been used previously with this population to assess

sociability (Armitage, 1986), although our specific

methods were different. Briefly, differences include the

use of a longer acclimation period and trial duration.

This study extracted activity and exploration compo-

nents from the MIS tests (see below), whereas

Armitage (1986) only extracted sociability components.
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Statistical analysis

Rather than analysing each OF/MIS behaviour sepa-

rately, we chose to reduce the number of correlated

traits using a principal components analysis with vari-

max rotation. OF and MIS behaviours were analysed

separately. Components with eigenvalues greater than

1.0 were retained for further analysis.

We estimated additive genetic, permanent environ-

ment, maternal and year effects for the resulting OF

and MIS components and docility using an animal

model with a Bayesian approach (Hadfield, 2010; Wil-

son et al., 2010). All traits were mean-centred and

scaled to a variance of 1 prior to the analysis. All traits

were fitted with sex and age class. Docility was also fit-

ted with day of the year, days between trials, time (AM

or PM), pedestrian traffic, growth rate and mass as

fixed effects. Growth rate and mass were individually

centred. Activity (OF) was also fit with days between

trials, trial number and predator presence. Exploration

included day of the year and pedestrian traffic. Activity

(MIS) also included days between trials, pedestrian and

predator presence. These fixed effects had previously

been shown to significantly influence personality traits

(M. B. Petelle J.G.A. Martin, & D.T. Blumstein in revi-

sion). The sociability component had previously not

been analysed, so we included sex, age class, day of the

year, pedestrian traffic, predator presence, days

between trial and trial number as fixed effects (see

Petelle et al., 2013 for methods on the calculation of

pedestrian traffic and predator pressure). We estimated

additive genetic (VA, identity link to the pedigree), per-

manent environment (VPE, identity), maternal environ-

ment (VME, mother id) and year (VYE) variance

parameters. Variance parameters were estimated as the

posterior mode with 95% credible intervals (CI) based

on the posterior distribution of the parameter. All vari-

ance ratios and correlations were estimated based on

(co)variance components at each MCMC iteration, thus

providing a posterior distribution. The posterior distri-

bution of heritability of behaviour was estimated with

the equation h2B = VA/VP. In this equation, VP is the

total phenotypic variance conditioned on the fixed

effects. The heritability of personality (Dochtermann

et al., 2014) was estimated with the equation h2P = VA/

Vind, where Vind is the among-individual variation

(VA + VPE + VME) used as the numerator when estimat-

ing repeatability, r = Vind/VP. As 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 analo-

gous to the Bayesian version of Akaike information cri-

terion (AIC). For this reason, we used a delta DIC value

under 7 (Burnham et al., 2011) to identify potentially

important random effects. To understand how these

trait variances changed with the additional random

effects, we fitted models with individual, maternal and

permanent environment effects removed consecutively

(Kruuk et al., 2008; Hadfield, 2010).

To estimate pairwise correlations between traits, we

fitted bivariate models for each pair of personality traits

and estimated the covariance between traits for each

random effect. We then rescaled the covariances into

correlations.

Principle components were calculated in SPSS 18.0

(Chicago, IL, USA). For all other analyses, we used the

package MCMCGLMM (Hadfield, 2010) in R v. 3.1.1 (R

Development Core Team, 2014). For univariate models,

the posterior distribution was sampled every 500 itera-

tions with a burn-in of 30 000 for a total of 1000 sam-

ples. The bivariate models were sampled every 1000

iterations with a burn-in of 30 000 for a sample of

1000. For both G (random effects) and R (residuals) pri-

ors, we specified V = 1 and nu = 1. For bivariate mod-

els, we used for both G and R priors V = 0.5*I2 (2*2
diagonal matrix with 0.5 on the diagonal) and

nu = 1.002. We used a Gaussian error distribution for

all models and normality was checked visually. Mixing

of chain was assessed visually, and the autocorrelation

was <0.05 for all parameters.

Results

PCA of OF and MIS behaviours

We extracted four and six principle components for OF

andMIS tests, respectively (Table S2). 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 labelled activity, the

second and third components of the OF and MIS test,

respectively, were identified as exploratory, and the sec-

ond MIS component was labelled sociability (Table S1 for

component loadings). The first OF and MIS components,

both labelled activity, were characterized by positive load-

ings of the percentage of the squares visited, the number

of lines crossed, the total number of jumps, walks and

looks, and the total proportion of time walking. The pro-

portion of time looking was also negative loaded onto the

first OF component. The second OF and thirdMIS compo-

nents, labelled exploration, were described by positive

loadings of number of sniffs/smells and the proportion of

time spent smelling. Finally, the second MIS component,

labelled sociability, was characterized by the positive

loading of proportion of time spent at themirror, and neg-

atively associated with latency to approach themirror and

proportion of time looking. The two OF components

explained approximately 52% of the variance, whereas

the threeMIS components explained 56%.

Univariate decomposition of the variance

All full models fell within a delta DIC of 7 and thus

were equally plausible as the best model (Burnham
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et al., 2011) (Table S2). We found nonzero heritability

in all of our traits (0.075–0.091) (see Fig. 1; Table S3).

Not surprisingly, our estimates of heritability increased

greatly when Vind was used instead of phenotypic vari-

ance to calculate heritability of personality (0.262–
0.362) (see Fig. 1; Table S3).

The variation attributed to the permanent environ-

ment, maternal and year effects was also nonzero for

all traits (Fig. 1; Table S3).

Estimation and decomposition of covariances
among personality traits

We found four phenotypic correlations (i.e. behavioural

syndromes) among personality traits. As expected, we

found a positive phenotypic correlation between activ-

ity in the OF and MIS tests (rP = 0.444; 95%

CI = 0.239–0.644). We also found a positive correlation

between activity in both OF and MIS tests and sociabil-

ity (rPOF = 0.428; 95% CI = 0.072–0.603 and

rPMIS = 0.291; 95% CI = 0.080–0.586). Docility was

negatively correlated with activity in the OF test

(rP = �0.241; 95% CI = �0.471 to �0.026) (Table 1).

We then investigated the potential genetic, perma-

nent environment and maternal correlations that may

be the underlying cause of these phenotypic correla-

tions. We found one significant genetic correlation

between activity in the OF test and sociability

(rG = 0.639; 95% CI = 0.031–0.799). We also found

two permanent environmental correlations: one

between activity in the OF and MIS tests (rPE = 0.575;

95% CI = 0.127–0.864) and one between docility and

exploration in the OF test (rPE = 0.518; 95%

CI = 0.042–0.737). We found no maternal correlations

(Table 1). It should be noted that there are a number

of phenotypic, genetic and permanent environment

correlations that are moderate but were not significant

because of large 95% confidence intervals. Variance

and covariance estimates are given in the supplemen-

tary tables.

Discussion

We have five main results. First, all of the personality

traits we investigated have low heritability indicating

their evolutionary potential. Second, this heritability

increased greatly when using repeatability as the

denominator so that we could estimate the heritability

of personality (Fig. 1; Table S3). Although this is not

surprising, as the denominator is much smaller, it does

highlight that previous estimates of heritability of per-

sonality are lower than their true value. Third, there

are a number of distinct phenotypic correlations indi-

cating the existence of behavioural syndromes. Fourth,

one genetic correlation was detected among personality

traits (Table 1) indicating the existence of potential

genetic constraints on adaptive evolution. Fifth, the

existence of permanent environmental correlations

indicates that the environment has coupled the traits

together. Thus, these traits in marmots could evolve

further, but the underlying genetic and permanent

environment correlations would constrain their evolu-

tionary dynamics.

This is the first study of free-living animals, to our

knowledge, that calculates both heritability of a beha-

viour and heritability of personality. Our estimates of

heritability of behaviour are qualitatively similar when

compared with previous studies (Sinn et al., 2006; Tay-

lor et al., 2012). Moreover, although previous estimates

of heritability of behaviour varied widely, heritability

Fig. 1 Proportion of variance explained by additive genetic variance of the behaviour (h2 (B) = VA/VP) and personality (h2(P) = VA/Vind),

permanent environment effects (pe2 = VPE/VP), maternal effects (m2 = VME/VP) and year effects (y2 = VYE/VP) for each personality trait. The

posterior mode is reported as the estimate and the equivalent of the 95% credible interval are illustrated.
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estimates are generally smaller when estimated in the

wild than in captivity (Sinn et al., 2006; Taylor et al.,

2012; Niemel€a et al., 2013). For example, as in our

study, Taylor et al. (2012) found low heritability in

docility (h2 = 0.09), aggression (h2 = 0.12) and activity

(h2 = 0.08) in wild red squirrels (Tamiasciurus hudsoni-

cus). Low heritability might suggest that these traits are

under stabilizing or directional selection by being linked

to fitness and that genetic variation has been eroded

(Falconer & Mackay, 1996; Kruuk et al., 2000), how-

ever an equally likely hypothesis is that residual and

phenotypic variances covary and this reduces heritabil-

ity estimates (Stirling et al., 2002). When using the

Dochtermann et al. (2014) approach to estimate heri-

tability of personality, our estimates of heritability

increased. Our estimates of repeatability were all mod-

erate (Bell et al., 2009) and significant, suggesting that

among-individual variation is important in this popula-

tion. Furthermore, this result underscores the fact that

personality does have the ability to evolve in a wild

population.

Similarly to previous studies (R�eale et al., 2009; Tay-

lor et al., 2012), we found that permanent environment

effects are present for these traits suggesting that the

consistent environment potentially plays an equally

important role in accounting for phenotypic variation

as the underlying genes (see also Blumstein et al.,

2013). Female marmots are philopatric (Armitage,

1984) and experience the same environment through-

out life. The overall quality of this habitat may have

long-term consequences on these traits. We also found

nonzero maternal effects in all of our traits (0.051–
0.077). Maternal effects can have long-term conse-

quences on individuals (Reinhold, 2002; Weaver et al.,

2004; R€as€anen & Kruuk, 2007). Activity, exploration

and sociability are important parameters that may affect

dispersal, and previous work in our system found that

more social or well-connected female marmots are

more likely to remain in their natal colony (Armitage,

1986; Blumstein et al., 2009). The exact ecological and

evolutionary function of docility has yet to be identified

in this species; however, we, and others, have found

that maternal stress response influences offspring per-

sonality (M. B. Petelle , B.N. Dang, & D.T. Blumstein in

prep. ; Hinde et al., 2015). Interestingly, year effects

varied greatly (0.073–0.322). This result demonstrates

that variation in the environment among years can

explain a large amount of variation in behavioural

traits.

We found four traits correlated at the phenotypic

level, with all but one having underlying environmen-

tal or genetic correlations. Activity was correlated at

both the phenotypic and permanent environment level

between the OF and MIS test as expected if tests are

measuring the same traits. The absence of significant

genetic correlation might reflect the sample size in this

case. However, exploration was not correlated betweenT
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OF and MIS suggesting that the tests we used here

might have measured different trait (Watanabe et al.,

2012; Carter et al., 2013).

Activity was also positively correlated at the pheno-

typic and the genetic level (OF test) 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 among

different social groups (Krause et al., 2010). Between-

ness is a social network metric that measures the cen-

trality 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 between-

ness (Wey et al., 2008).

Although not significant, the genetic correlation

between activity in both tests was in the same direction

and general magnitude as the phenotypic correlation

(0.643–0.444, respectively) (Cheverud, 1988; Dochter-

mann, 2011). Although we cannot directly test the

phenotypic gambit (Hadfield et al., 2007) due to our

large credible intervals, it is important to note that phe-

notypic correlations are not always good indicators of

genetic correlations because permanent environment

and maternal effects may obscure such a correlation.

We found a negative phenotypic correlation between

activity in the OF test and docility. This makes sense

because docility is partly calculated from active beha-

viours while in the trap and being handled (struggling

in trap or bag). Thus, more active individuals in the OF

test may also be more active in the trap and therefore

receive lower docility scores.

Although many of the phenotypically correlated traits

did not have underlying genetic correlations, we found

moderate, but nonsignificant, genetic and permanent

environment correlations. This suggests two possible

explanations. First, that these traits are in fact correlated

at the genetic or permanent environmental levels and

we do not have sufficient power to estimate correlations

or reduce credible intervals. Or, second, these traits are

in fact uncorrelated. This result underscores the idea that

most studies assume that the same trait is measured

between contexts (Watanabe et al., 2012; Carter et al.,

2013). However, if the same trait measured in two con-

texts is not genetically correlated, the traits are indeed

different. Caution is thus necessary when personality

traits are measured in different contexts because they

may not have any underlying genetic correlation and

selection may act independently on them.

Testing for underlying genetic, permanent environ-

ment or maternal effects is important for understanding

whether syndromes act as constraints on adaptive evo-

lution. Few studies have carried this out, and those in

the wild are even less common because of the sample

size requirements (Bell, 2005; Dingemanse et al., 2007).

Our study had large credible intervals suggesting that

we did not have the power to detect many of the

potential correlations that may be present. However,

we did find one genetic correlation underlying our

phenotypic correlations, and two were correlated at the

environmental level. This finding is consistent with the

adaptive hypothesis that the shared environment gen-

erates correlations between traits. Although our study

does not directly study the adaptive significance of

these traits, future studies should investigate how these

traits influence fitness. Studies at the phenotypic level

suggest an adaptive strategy for syndromes because dif-

ferences in correlations were found in 12 populations

of three-spined sticklebacks (Gasterosteus aculeatus)

where predation differed between populations (Dinge-

manse et al., 2007).

In conclusion, this study illustrates the large influ-

ence of the environment on behavioural trait variation.

Indeed, the magnitude of environmentally caused vari-

ation and sometimes larger year effects means that

large sample sizes are needed to estimate genotypic/

phenotypic correlations in wild populations (Kruuk,

2004). Although our trap-related sample sizes were

very large (>7000 trapping events for docility), we con-

ducted substantially fewer OF and MIS experiments,

thus limiting our ability to estimate potentially smaller

effects and correlations. Nonetheless, with the some-

what smaller sample sizes, we were able to estimate

other nongenetic effects in our mixed models. The

exact ecological and evolutionary consequences of the

personality traits in this study are unknown at this

time; however, studies (Smith and Blumstein, 2008)

suggest that personality variation has fitness conse-

quences. Future work should focus on understanding

the maintenance of variation in personality and identify

their consequences on population dynamics.
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