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Individual animals frequently exhibit repeatable differences from other mem-

bers of their population, differences now commonly referred to as ‘animal

personality’. Personality differences can arise, for example, from differences

in permanent environmental effects—including parental and epigenetic

contributors—and the effect of additive genetic variation. Although several

studies have evaluated the heritability of behaviour, less is known about gen-

eral patterns of heritability and additive genetic variation in animal personality.

As overall variation in behaviour includes both the among-individual dif-

ferences that reflect different personalities and temporary environmental

effects, it is possible for personality to be largely genetically influenced even

when heritability of behaviour per se is quite low. The relative contribution

of additive genetic variation to personality variation can be estimated when-

ever both repeatability and heritability are estimated for the same data.

Using published estimates to address this issue, we found that approximately

52% of animal personality variation was attributable to additive genetic vari-

ation. Thus, while the heritability of behaviour is often moderate or low, the

heritability of personality is much higher. Our results therefore (i) demonstrate

that genetic differences are likely to be a major contributor to variation in

animal personality and (ii) support the phenotypic gambit: that evolutionary

inferences drawn from repeatability estimates may often be justified.
1. Introduction
Personality differences among individuals, if genetically based, have potentially

profound evolutionary implications [1–5]. However, while some studies have

examined the heritability of animal personality (e.g. [6–8]) and others have

looked at the specific actions of one or a few genes or gene products on specific

behaviours (recent examples include [9,10]), whether or not there is broad sup-

port for a genetic basis of animal personality is not currently clear. Within this

context, current efforts to define personality in terms of repeatable variation

have the potential to reveal the genetic basis of personality, and thus their

evolutionary importance.

Personality variation has been defined as consistent individual differences in

behaviours [11,12] that can be operationally defined mathematically in terms of

repeatable differences among individuals [13–15]. Specifically, among-individual

variation (henceforth Vind)—the numerator in repeatability—corresponds to

personality variation [13,14]. Defining personality mathematically in terms of

repeatability has several advantages. First, it allows application of well-developed

statistical tools (i.e. mixed-effects models) to address questions about personality

variation [13]. Second, and more biologically important, repeatability has long

been of interest in evolutionary ecology and is closely connected to quantitative

genetics and evolutionary theory [16]. This connection thus bridges personality

research with evolutionary biology and its tools, increasing the scope of questions

that can be asked and allowing well-developed questions in evolutionary theory

to be asked with regard to personality (see also [17]). This definition also allows

the general question of the degree to which animal personality variation is

genetically determined to be asked.
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The connection between repeatability and quantitative gen-

etics becomes apparent when the former is defined based on

the factors that contribute to phenotypic variation. Phenotypic

variation (VP) is composed of multiple components:

VP ¼ VA þ VD þ VPE þ VTE, (1:1)

where VA represents the effects of additive genetic variation on

VP, VD represents dominance genetic effects, VPE represents

permanent environmental effects, and VTE represents tempor-

ary environmental effects with only transitory effects on the

phenotype and can include effects like temporary variation

in state (e.g. motivation, energy reserves etc.). VPE includes par-

ental effects (both maternal and paternal effects), epigenetic

effects and other contributors that have long-term impacts

on phenotypes (e.g. nutritional state during development).

From this list of contributors, we can define repeatability (t)

as follows:

t ¼ VA þ VD þ VPE

VP
or

Vind

VP
, (1:2)

which also represents the variability among individuals relative

to total phenotypic variability [14,16]. By defining animal per-

sonality as among-individual variation (Vind), variation in

personality is equal to the numerator of t [14]:

Vind ¼ VA þ VD þ VPE: (1:3)

This definition of personality variation explicitly distinguishes

personality variation from behavioural variation at large.

Specifically, as seen from comparing equation (1.1) with

equation (1.3), personality variation does not include the

influence of temporary environmental variation on behaviour.

Narrow-sense heritability (h2) is formally defined from

the same list of contributors as are repeatability and

personality variation:

h2 ¼ VA

VP
: (1:4)

One unanswered question in personality research is the rela-

tive contribution of genetic variation to personality variation.

The relationships expressed in equations (1.2)–(1.4) allow this

question to be addressed. Specifically, if we want to know the

contribution of additive genetic variation to personality

variation, we can divide heritability by repeatability,

h2

t
¼ (VA=VP)

((VA þ VD þ VPE)=VP)
, (1:5)

which simplifies to

VA

VA þ VD þ VPE
or

VA

Vind
: (1:6)

Put another way, equation (1.6) can be considered the heritability
of personality, and the relative contribution of additive genetic

differences to personality differences can be directly estimated

whenever both t and h2 are estimated from the same data.

Heritability of personality differs from the conventional defi-

nition of either narrow- or broad-sense heritability primarily

in that VTE is missing from the denominator. Further, because

VTE is excluded from the denominator of equation (1.6) but

not equation (1.4), the heritability of personality will necessarily

be greater than that of behaviours generally.

Whereas (narrow-sense) heritability estimates the proportion

of total phenotypic variation attributable to additive genetic var-

iance, heritability of personality refers strictly to the proportion of

personality variation attributable to additive genetic variance.
Distinguishing heritability of personality from heritability in

general is important for a variety of reasons, most notably

because doing so allows the explicit consideration of how

additive genetic and non-genetic factors might influence the

evolution of personality, a topic of great interest. While others

have reviewed estimates of the heritability of behaviour

(e.g. [18–20]), general patterns regarding the heritability of

personality specifically have not been similarly reviewed.

Understanding the relationship between heritability and

repeatability is also of general interest to behavioural ecology

and, more broadly, evolutionary ecology, because these fields

typically make the ‘phenotypic gambit’ [21]. The phenotypic

gambit—that evolutionary inferences can be reliably drawn

from phenotypic observations—is a common but often

unstated assumption of evolutionary ecology, and is often

made despite ignorance about proximate mechanisms and

underlying genetics. Importantly, whether the phenotypic

gambit is appropriate rests on whether observed phenotypes

correspond to underlying genotypes, or at least behave as

though their distributions do [21]. The gambit—and therefore

many of the inferences evolutionary ecologists draw—thus

depends on the degree to which observed phenotypic variation

corresponds to underlying additive genetic variation. Unfortu-

nately, the degree to which the phenotypic gambit holds for

behaviours and other traits is often unclear, but can, again, be

assessed when both t and h2 are estimated from the same

data. Finally, although our discussion of the heritability of per-

sonality is strictly focused on behaviour, the relationship of

VA/Vind is similarly important to evolutionary ecologists as a

whole. As is the case for behaviour, this relationship likewise

demonstrates the relative contribution of additive genetic

variation to among-individual variation for other types of traits.

Here, using meta-analysis, we tested (i) whether the phe-

notypic gambit is supported for behaviours and (ii) the

degree to which personality variation can be attributed to

additive genetic variation (i.e. the heritability of personality).
2. Material and methods
(a) Dataset
To test the contribution of additive genetic variance to personality

variation, we obtained estimates of t and h2 from the literature in

two ways. First, we used data sources previously collected by Stir-

ling et al. [19] in their review of heritabilities of behaviour. This

previous search reviewed the behavioural literature to the end of

the year 2000 and yielded 70 articles. Second, we conducted a

search of 12 leading behavioural ecology, behavioural genetics

and evolutionary ecology journals. The journals we included in

our search were The American Naturalist, Evolution, Ecology,

Behavioral Ecology, Animal Behaviour, Behavior Genetics, Heredity, Be-
haviour, Ethology, Journal of Evolutionary Biology, Journal of Animal
Ecology and Proceedings of the Royal Society B. For behavioural jour-

nals, we used the keywords ‘heritability’ and ‘heritab*’, while for

evolutionary ecology journals we used the keywords ‘heritab*

AND behav*’ for all articles published in these journals between

January 2000 to September 2012. This yielded an additional 236

articles. Of these 306 total articles, only 12 reported both heritability

and repeatability of at least one behaviour. The other 294 articles

may have reported one parameter or the other, or simply discussed

both heritability and repeatability. From these 12 studies—which

included 121 pairs of estimates—we extracted all reported estimates

of t and h2, species names, and traits measured. We only included

non-human animals in the dataset—thereby excluding one study

and 13 pairs of estimates. We also excluded h2 or t estimates greater
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Figure 1. Heritability relative to repeatability. The solid line represents a 1 : 1
relationship between the heritability and repeatability. Large circles are study-
level means for heritability and repeatability. Smaller circles are individual
estimates from each study. Individual and mean estimates share the same
colour by study. A point that falls directly on the solid line would represent
one in which all personality (i.e. repeatable) variation was attributable to
additive genetic variation. The slope of the relationship between any particu-
lar point and the origin (0,0) estimates the proportion of personality variation
for that behavioural measure attributable to additive genetic variation. For
example, the dashed and dotted lines correspond, respectively, to behavioural
responses where 66% and 21% of observed personality variation was
attributable to additive genetic effects.

rspb.royalsocietypublishing.org
Proc.R.Soc.B

282:20142201

3
than 1 or less than 0 [22], which removed 14 pairs of estimates and

one article entirely. From the remaining 10 articles and 94 estimates,

we excluded all cases in which h2 was estimated as greater than t.

While h2 can be greater than t under special circumstances [23], a

review of available estimates did not suggest these circumstances

were met and suggested that these instances were instead a product

of estimation error. This screening reduced the dataset to 71 esti-

mates. We removed an additional pair of estimates (i.e. one

record in the dataset) as they showed up twice in the dataset,

once via mid-parent : son and once as mid-parent : mid-offspring

(we retained the mid-offspring estimate). These searches and

inclusion criteria resulted in a dataset of 70 instances from 10 studies

in which h2 and t were jointly estimated for the same behaviour

with the same data (electronic supplementary material, table S1).

(b) Data analysis
To assess support for both the phenotypic gambit as it pertains to

behaviours and the degree to which personality variation can be

attributed to additive genetic variation, we calculated the ratio of

heritability to repeatability for each of the 70 estimates from 10

studies. This ratio, as demonstrated in equations (1.5) and (1.6),

is key to both questions. First, as this ratio increases, the pheno-

typic gambit can be made more reliably. Second, this ratio

explicitly estimates the relative contribution of additive genetic

variation to personality variation.

To estimate this ratio, we used a linear random-effects model

with the study from which estimates were drawn included as

a random effect. This model was fitted using restricted estimate

maximum likelihood. The intercept of this model provides an

estimate of equations (1.5) and (1.6) after controlling for non-

independence of studies. We also estimated the 95% confidence

interval (CoI) around this estimate.

Finally, we qualitatively compared differences in the relative

contribution of additive genetic variation to personality variation

based on the types of behaviours assayed.
3. Results
Across the 70 estimates, h2 had an average of 0.14 and t had

an average of 0.29. The ratio of h2 to t was estimated as 0.52

(CoI ¼ 0.33 : 0.70), indicating that 52% of personality vari-

ation present across the included studies was attributable to

additive genetic variation (figure 1). Put another way, the

heritability of personality was estimated as 0.52.

We did not have sufficient estimates to statistically determine

how different behaviours might differ in the contribution of

additive genetic variation to personality variation. However,

qualitatively it appears that personality variation in aggression

and antipredator behaviour may have a stronger genetic com-

ponent than for other types of behaviours included in our

dataset (figure 2). These behaviours also tended towards

having higher repeatabilities and higher heritabilities (figure 2).
4. Discussion
The ratio of heritability to repeatability (0.52) suggests that

evolutionary inferences based on repeatabilities could be appro-

priate. More specifically, this result suggests that the repeatable

component of behavioural responses has a substantive genetic

component, a prerequisite for the phenotypic gambit. However,

the broad CoI around this estimate suggests that further verifi-

cation is needed and that in the interim such a conclusion

should be considered provisional. This general support for

the phenotypic gambit, as it pertains to personality variation,
is also in agreement with analyses conducted elsewhere that be-

havioural phenotypic correlations are generally consistent with

genetic correlations (e.g. [22,24]), although this is not necessarily

the case for correlations among other types of traits [25,26].

Thus, while estimation of genetic variances and covariances

remains key for understanding animal personalities [14,27],

some evolutionary inferences can be drawn from phenotypic

estimates. Importantly, this finding should not be taken to

suggest that repeatability estimates can be used as straightfor-

ward proxies for heritability as the ratio between the two

ranged from 0 to 0.96 (see also [16]). Further, details such as

G � E interactions will not necessarily be properly revealed

with phenotypic estimates alone.

Our finding that the ratio of heritability to repeatability is

0.52 is particularly interesting for the field of personality

research. As personality can be defined as repeatable variation

in behaviour [12–14], this result means that 52% of personality

variation is at the additive genetic level (i.e. that the heritability

of personality is 0.52). That personality variation represents

standing genetic variation is assumed in many empirical

studies, but has not been broadly tested previously. Our find-

ings provide some support for this assumption. Elsewhere it

has been demonstrated that phenotypic correlations might

closely correspond to genetic correlations [22]; that finding,

along with our results here, bolsters recent suggestions that

personality and behavioural syndromes might substantially

constrain evolutionary responses [2].

As an aside, our discussion of repeatability and heritabil-

ity variance components (e.g. equations (1.3)–(1.6)) has

excluded mention of measurement error as a source, of vari-

ation. Measurement error will be present in all studies, but
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will typically be conflated with VTE, leading to underestima-

tions of repeatability, heritability and the heritability of

personality. However, sources of error might occasionally

be conflated with Vind, for example when different recording

methods or different observers are used on a particular

subset of study subjects.

Our estimate that the mean heritability of personality is

0.52—although the heritability of behaviour for the same

data was 0.14—is interesting in additional ways. First, this

difference emphasizes that while behavioural heritabilities

might be quite low, the heritability of personality might

still be high. This difference is determined by the contribution

of temporary environmental effects (VTE; equation (1.1)) to

the expression of a behaviour, which includes short-term

plastic responses (and measurement error). Other published

estimates of behavioural heritabilities provide average esti-

mates that range from 0.26 [20], via approximately 0.3

[18,19], to approximately 0.5 [28]. Our results suggest that

the contribution of additive genetic variation to personality

would be underestimated if based on these estimates.

A second implication of our estimate of heritability of

personality as 0.52 is that it also provides clues as to how

much and to what degree other types of factors might contrib-

ute to personality differences. Specifically, an average of 48% of

personality variation is necessarily due to variation in perma-

nent environmental effects and genetic dominance (equation

(1.6)). Genetic dominance is often assumed to play only a

minor role in quantitative traits [29] (but see [30]), although

this may not be the case with sex-linked traits. If we assume

a small role for genetic dominance, permanent environmental

effects explain around half of standing personality variation.

As discussed above, permanent environmental effects include

maternal and paternal effects, epigenetics and environmental

effects that have long-term effects on phenotypes (relative to

the time span of measurements). In the personality literature, an

exciting possibility that is getting attention involves permanent

environmental effects due to positive feedback loops between

an individual’s personality and its choice of environments.

For example, individuals might exhibit personality-dependent

social niche specializations, where different individuals are con-

sistently more aggressive, fearful or cooperative depending on

their social niche (rank or role), which favours them maintaining

both that personality and that social niche over the long term

[31,32]. Thus, while additive genetic variation is a primary con-

tributor to personality, considerable variation remains to be
explained. Importantly, this interpretation has broader applica-

bility and can likewise be applied to, for example, physiology

and life-history traits.

While available data did not allow statistical comparison

of how the contribution of additive genetic variation to per-

sonality varied across behavioural types, some qualitative

observations can be drawn. As stated earlier, aggression

and antipredator personality variation seem to be more heav-

ily influenced by additive genetic variation, and tend to have

higher heritabilities, than other behaviours. This result is

somewhat surprising as elsewhere [20] aggressive behaviours

have been found to exhibit relatively low heritabilities. This

result is further complicated by the fact that repeatability of

aggressive behaviours can be complicated by indirect genetic

effects based on behavioural variation among opponents [33].

Our result may also be atypical in that it was restricted only

to studies reporting both heritabilities and repeatabilities,

although why this would impart a directional bias is unclear.

In contrast to empirical research, theoretical research

into the evolutionary causes of personality variation has

not necessarily assumed a genetic basis [34,35]. Our results

suggest that this assumption may be neither necessary nor

appropriate. Moreover, the finding that a considerable

amount of personality variation corresponds to additive gen-

etic variation reinforces a point made in the numerous

reviews of behavioural ecological research regarding person-

ality. Specifically, classical and current evolutionary theory

regarding the maintenance of genetic variance can be put

towards questions regarding personality variation [27]. For

example, it is generally expected that variation will be

depleted under selection [18]. However, when adjusting for

scaling issues, traits more closely connected to fitness typi-

cally harbour greater amounts of genetic variation [36].

Likewise, although small populations are typically assumed

to harbour less fitness affecting genetic variation than large

populations, this is not typically actually the case [37].

What patterns might occur for behaviours is unclear; how-

ever, our results suggest that qualitative and quantitative

predictions for this and other questions may be available

within the broader body of evolutionary research.

Data accessibility. Data used for these analyses are included as the
electronic supplementary material.
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