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The recent interest in animal personality has sparked a number
of studies on the heritability of personality traits. Yet, how the
sources variance these traits can be decomposed remains
unclear. Moreover, whether genetic correlations with life-
history traits, personality traits and other phenotypic traits
exist as predicted by the pace-of-life syndrome hypothesis
remains poorly understood. Our aim was to compare the
heritability of personality, life-history and morphological
traits and their potential genetic correlations in a small
primate (Microcebus murinus). We performed an animal
model analysis on six traits measured in a large sample of
captive mouse lemurs (N = 486). We chose two personality
traits, two life-history traits and two morphological traits to
(i) estimate the genetic and/or environmental contribution to
their variance, and (ii) test for genetic correlations between
these traits. We found modest narrow-sense heritability for
personality traits, morphological traits and life-history traits.
Other factors including maternal effects also influence the
sources of variation in life-history and morphological traits.
We found genetic correlations between emergence latency on
the one hand and radius length and growth rate on the other
hand. Emergence latency was also genetically correlated with
birth weight and was influenced by maternal identity. These
results provide insights into the influence of genes and
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maternal effects on the partitioning of sources of variation in personality, life-history and

morphological traits in a captive primate model and suggest that the pace-of-life syndrome may be
partly explained by genetic trait covariances.
ietypublishing.org/journal/rsos
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sci.6:190632
1. Introduction
In his most famous publication, Charles Darwin noted how selection on dogs and pigeons led to the
appearance of correlations between traits [1]: hairless dogs frequently showing tooth problems
and pigeons with feathered legs having skin between their toes. Furthermore, the famous fox farm
experiments showed that selection on behavioural traits may induce correlated evolution on
morphological traits [2], suggesting that genetic trait correlations underlie these trait changes. A
general theoretical framework to understand the relationship between various phenotypic traits and
life-history traits is the pace-of-life syndrome [3], in which behaviour and personality have been
recently included [4,5]. This concept links phenotypic traits based on a slow–fast continuum in the
‘pace-of-life’ of the organism. This is defined by life-history traits, as such as life span, age at sexual
maturity or the number of offspring, which are all correlated with one another [3,6–8]. Moreover,
individuals are expected to present a bolder and more active personality and a higher metabolic rate
and growth rate in relation to a fast pace-of-life (e.g. small rodents). Under this theory, behaviour and
life history could be mediated by hormonal determinants [3], yet may also be linked in other ways.

Correlated evolution between different phenotypic traits may arise through genetic correlation [9].
Indeed, traits can evolve together, as, for example, in lizards (Zootoca vivipara), where exploration
behaviour and resting metabolic rate are correlated, as they present an advantage when they vary in
the same direction [10]. Moreover, a recent study showed that by artificially selecting bold and shy
lines of zebra fish (Danio rerio), the morphology and locomotor performance of these individuals also
changed [11]. Another study showed that genetic correlations existed between two personality traits,
sociability and boldness, and morphological traits including body pigmentation and size, leading to
the apparition of adapted phenotypes that combine several traits [12]. The study of trait correlations is
thus an important first step in the understanding of the evolution of traits and trait variation, and
may, in part, underlie the trait correlations observed in the pace-of-life syndrome. Falconer & Mackay
[13] advocated that the relationship between traits may allow us to detect: (i) the effect of pleiotropic
genes, (ii) correlated responses to selection between traits, and (iii) the relationship between the trait
and associated fitness.

Personality is generally defined as a statistically repeatable behaviour across context and over time
between individuals [14]. These consistent behavioural differences between individuals have been
shown to be an important component of individual fitness. A number of studies have focused on
personality over the last decades, showing its correlates with other traits like morphology [15]
or cognition [16,17], and its heritability in several taxa [18–22]. Some personality traits (e.g. high
aggressiveness) have been observed in associations with others (e.g. high boldness) in various taxa
[23]. These relationships between behaviours could be induced by common determinants of
behaviour, such as hormonal levels, yet can also have underlying genetic determinants.

The narrow-sense heritability of a phenotypic trait is dependent on the presence of additive genetic
variation according to its definition [13], which is the ratio of additive genetic variance over the total
phenotypic variance. However, the sources of variation in the different types of phenotypic traits are
not equal: indeed, the research has shown that fitness traits generally have low heritability, whereas
morphological traits have high heritability, and that the heritability of behaviour lies somewhere in
between [24]. For life-history traits, selection is probably high and the variability in the additive gene
effect (Va) is low as compared with the variability in the phenotype (Vp). For morphological traits,
selection is typically lower and the variability of additive genetic effects is higher than phenotypic
variability [25,26]. Studying and quantifying the heritability of traits and their genetic correlations
helps to understand the sources of individual variation and the relative importance of genes in
driving phenotypic variation [27,28].

The aim of our study was to describe and compare the heritability of behavioural, life-history and
morphological traits and their potential genetic correlations in a small captive primate, Microcebus
murinus from a captive population [29]. Microcebus murinus is a short-lived primate and thus ideal
to explore variation in traits as predicted by the pace-of-life syndrome. The captive population used
in this study is unique by its size (about 500 individuals) and by the information on life-history



Figure 1. Photograph of captive grey mouse lemurs in the Brunoy colony.
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and other traits available for these individuals [30] allowing us to explore trait covariation.
Information about matrilineal lines are also available since individuals are followed for their entire
life. In particular, we aim to explore links between life-history and personality traits under the
scope of the ‘pace-of-life’ hypothesis. Personality traits have been previously quantified for M. murinus
and shown to be repeatable in both wild and captive animals [15,31], making this an excellent study
system. Moreover, phenotypic correlations have been recently described between personality and
morphological and life-history traits [15,32], raising the question on the potential genetic bases of these
phenotypic covariations.

The aim of this study is to (i) estimate key variance components of morphological and personality
traits and compare their heritability to better understand their evolutionary path [33]. We predicted
higher heritability for morphological traits compared with behavioural traits, and a low heritability
for life-history traits [34–36]. We also aim to (ii) explore genetic correlations between traits to better
understand the relationships between life history and behaviour. We expected to find stronger genetic
correlations among life-history traits than among morphological traits, with intermediate correlations
being expected for behavioural traits [36,37], as well as correlations between life history and
personality, as predicted by the pace-of-life syndrome hypothesis.
2. Material and methods
2.1. Subjects and colony management
We collected data for 486 different grey mouse lemurs (M. murinus, figure 1) aged from 1 to 10 years and
present in the captive colony of Brunoy (Muséum National d’Histoire Naturelle), originated from eight
maternal lines. Individuals are housed in large cages in monosexual groups of three or four individuals.
Ambient air temperature is maintained at 25°C and humidity is stable around 30%. All individuals
are fed ad libitum, weighed monthly and maintained under artificial light conditions mimicking
natural seasons.
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2.2. Pedigree construction

In captivity, grey mouse lemurs can live up to 12 years, reach sexual maturity in their first year, and
females can raise one to four offspring each year [30]. Thus, up to seven generations were present in
our pedigree. During the reproductive season, groups of three males and three females from distinct
matrilineal origins are placed together for three weeks to mimic the polyandrous mating system [29];
after mating, mothers are isolated and raised with their offspring. As such, all mothers are known and
the number of fathers is limited.

We collected DNA samples for 256 individuals and extracted DNA from ear or skin tissue
samples (Invitrogen PureLink Genomic DNA mini Kit) and amplified it (Qiagen REPLI-g Mini Kit).
The genetic analysis was conducted to determine the paternity for 111 infants for which we disposed
of DNA samples and their potential father. Thus, each infant has a known mother and three to
four potential fathers, which were assigned thanks to microsatellite analysis (see [38–40] and electronic
supplementary material for further details). In addition, half-sibs were present in our dataset since
several females underwent several reproductive seasons and mated with different males, and because
multipaternity is possible in this species [41].

The pedigree was stored in a three-column Excel file with the following information required for the
statistical analysis in AsRELM-R: individual identity, mother identity, father identity. Squares with
unknown paternities were left empty, as well as maternities and paternities of ‘founder individuals’,
that correspond to the more ancient common parent of tested individuals (see electronic supplementary
material, files).
 32
2.3. Phenotypic traits
We used the two personality traits that were described in Zablocki-Thomas et al. [32]. Both traits present
medium repeatability in this dataset [32]. We conducted all tests during the day in daylight conditions.
2.3.1. Emergence tests

We conducted emergence tests using a small wooden box (18 × 18 × 31 cm). We caught animals directly
in their nest box between 13.00 and 17.00, identified animals and placed a single individual in the
wooden box. Next, we placed the wooden box at the entrance of the home cage of the individual. We
then waited at least two minutes so that the animal could habituate and calm down from the
manipulation. The test consisted of opening the trap door and recording the latency for the animal to
leave the box and to return to its home cage. The test lasted 5 min maximum. Individuals that never
left the box within the allotted 5 min were given a score of 300 s. We conducted this test between 1
and 13 times per individual for a total of 1238 tests. Some individuals were tested only once as they
died before we could test them twice. We waited at least three weeks before repeating the test with
the same individual. Repeatability for this trait reached R = 0.33 ± 0.04 s.e. [32].
2.3.2. Agitation score

We followed the protocol described in Verdolin & Harper [42] and evaluated an agitation score
between one and six times per individual, for a total of 1001 tests. In brief, the test consisted of
catching the animal and recording and scoring its reaction: urinating (1pt), defecating (1pt), vocalizing
(1pt), struggling (2pt) and biting (3pt). According to this protocol, animals were rated from zero to
eight. The rating started directly after extraction of the animal from its nest box and lasted 30 s
maximum. We rated agitation during different events of the monitoring protocols including when
animal keepers conducted the monthly weighing or before physical testing. Repeatability for this trait
reached R = 0.28 ± 0.04 s.e. [32].
2.3.3. Morphology

We recorded the length of the lower arm (ulna/radius) and head width with a pair of digital callipers
(±0.01 mm; Mitutoyo, Kanagawa, Japan), as reported in previous studies [32]. We extracted body
weight at the time of each test from the laboratory colony database.
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2.3.4. Life-history traits

We extracted body weight at birth, body weight at three months, litter size and mother identity from the
colony database. We calculated growth rate as the weight gain in grams over the first three months of life,
which is the period during which most of the growth occurs in this species [43].

Complete data were not available for all individuals, which explains why the sample size for
each phenotypic trait varies and is different from the total number of individuals present in the study
(N = 486). Indeed, we could not collect all the phenotypic data at the same time, in particular, to avoid
additional stress during the behavioural tests. Some individuals could not be tested for all traits as
some died or were unavailable (when involved in reproduction, for example).

2.4. Statistical analysis
We ran linear mixed models (also called ‘animal models’) with AsREML-R software (v. 3.0) [44] to obtain
a restricted maximum likelihood estimation of variance and covariance components, with a pedigree
incorporated to quantify the additive genetic variance. We selected models based on log-likelihood
comparisons.

2.4.1. Univariate models

We did not transform our variables except for emergence latency, which was log10-transformed, as it is
typically done for latency data that do not present classical distributions [45]. We treated variables as
Gaussian in our models. We also added +0.5 to the logarithm as some latencies were equal to 0. To
assess the relative contribution of genes to the phenotype, we first assessed the heritability (h2) of our
phenotypic variables with univariate models. We tested, step-by-step, the fixed effects of age, body
mass and sex in interaction (because of a sexual dimorphism in body size) by running the same
model without the effect and by testing it against a χ2 distribution with one degree of freedom. To
test for the significance of additive genetic variance, we ran the same model with the pedigree
component removed and tested it against a χ2 distribution with one degree of freedom and divided
them by two (note: in all our models, body weight was always removed). To estimate maternal
environment, also called ‘maternal effect’, we added mother identity as a random factor. To account
for pseudo-replication due to repeated measurements per individuals, we added individual identity as
random factor in the models [27]. We calculated the total phenotypic variance as the sum of the
variance of all random components [13]. In our models, the phenotypic variance (Vp) is divided in
three to four parameters, depending on whether there are several measurements or not

Vp ¼ Va þ Vm þ Vce þ Vpe þ 1,

where Va is the additive genetic variance, Vm is the variance explained by the identity of the mother, Vce

is the common environmental variance explained by the animal’s housing environment (within shared
environment consistency), Vpe is the permanent environmental variance explained by the identity of the
individual (within individual consistency) [27,46].

2.4.2. Trait comparisons

We report the amount of genetic variance relative to the trait mean (Ia) [25,47,48]:

Ia ¼ Va

�X2 :

2.4.3. Bivariate models

We scaled all variables using the ‘scale’ function in R. We tested for genetic correlation between
emergence latency and agitation, emergence latency and radius length, emergence latency and birth
weight, emergence latency and growth rate, and genetic correlation between agitation and radius
length, agitation and birth weight, agitation and growth rate (see Results, table 2). We were unable to
run bivariate models with head width due to convergence issues. We then tested for the significance
of two fixed effects, sex and age, by comparing likelihood ratios with and without the effect, with one
degree of freedom, first with sex and then with age. We next tested for the significance of the mother
effect as a random parameter by comparing the general model with a model in which the covariance
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due to the maternal effect (COVm) is null [46], with a likelihood ratio test with one degree of freedom.

When the mother effect was not significant or caused convergence issues, we removed it from the
model. We tested for the significance of covariance due to the additive effect of genes (COVa) as
previously described by comparing the general model with a model in which COVa is null [46].
ietypublishing.org/journal/rsos
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3. Results
We found significant additive genetic variances for radius length, emergence latency and our agitation
score (table 1). For personality, we found no significant amount of variance explained by maternal
effects, but we found significant maternal effects for birth weight, growth rate, radius length and head
width. The variance explained by the common environment was significant for the agitation score,
birth weight, growth rate and radius length.

We found a significant and negative additive genetic covariance of emergence latency with both
radius length and growth rate. We also detected a significant and positive covariance of emergence
latency with growth rate when we took maternal effects into account (table 2). This suggests that
mothers that produce babies with higher birth weight will also produce babies with longer emergence
latencies [46]. Finally, when we estimated additive genetic covariance between morphological and
birth parameters, we only detected a significant and positive additive genetic covariance between
radius length and head width, and between radius length and growth rate (electronic supplementary
material). The genetic correlation between head width and radius length was extremely high (0.73)
and is possibly due to the allometric effect of overall body size.
4. Discussion
4.1. Trait variance decomposition
In this study, we decomposed the sources of variation of personality, morphological and life-history traits
in order to compare their narrow-sense heritability. Personality traits showed significant additive genetic
variance, but in contrast, only one morphological trait and none of the life-history traits showed
significant additive genetic variance. As predicted, narrow-sense heritability (h2 =Va/Vp) was higher
for one morphological trait compared with behavioural traits, but this was not the case for the other
morphological trait. The agitation score during handling has previously been suggested to be
associated with shyness and anxiety [32,42], emergence latency on the other hand has been suggested
to be linked to exploration [32]. In our study, we found that both traits showed significant additive
genetic variance and medium heritability (0.19–0.22). Moreover, these traits showed an amount of
genetic variance relative to the trait mean that was ten times greater (Ia × 102 = 4.1–7.3) than that of
other traits. Similar to a recent study in squirrels (Tamias striatus) [49], we found that the permanent
environment explained a moderate proportion of the variability, albeit not significantly so in our
study. There was also an effect of age for the agitation score, but the effect of sex was not significant.

Consistent with the literature, heritability estimates for life-history traits (growth rate and birth
weight) were relatively low [35], when compared with the other traits. Birth weight and growth rate
both showed non-significant additive genetic variance and low heritability, as has been documented
for other species [50,51]. Growth rate and birth weight of deer, for example, presented a similar low
heritability (h2 = 0.11 for males and 0.25 for females) [52]. The amount of genetic variance relative to
the trait mean was ten times higher (Ia × 102 = 0.35–0.47) for these traits compared with that for
morphological traits (Ia × 102 = 0.013–0.047).

We also detected significant maternal effects for life-history and morphological traits. Maternal effects
have been shown to be important in primates such as macaques (Macaca mulatta) [53], but also in other
taxa like bird species [54]. The impact of the mother can be either genetic or environmental. Indeed,
maternal effects may be related to the maternal investment in reproduction and can, for example, be
caused by egg quality in birds or the milk composition in mammals [27], both of which depend on
the mother’s genotype and her environment.

We also accounted for fixed effects including sex, age and body weight [55,56] in our models as they
were previously described as important determinants of personality in this species [57,58]. Doing so
decreased the additive genetic variance when compared with models without these effects, but overall
this did not affect our conclusions. It is important to note that body weight was never retained as a
fixed term in our models. Indeed, neither the interaction between sex and body weight nor body
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Table 2. Summary of the covariance between personality and other phenotypic traits. COVa, additive genetic covariance;
s.e., standard error; p, p-value; Ra, genetic correlation; COVm, covariance due to the maternal effect; COVr, residual covariance.
Bold values represent significant correlations among variables (p < α = 0.05).

agitation score emergence latency (log (s) + 0.5)

emergence

latency

fixed effect: age

COVa ± s.e.: −0.13 ± 0.094

p = 0.17

Ra =−0.34
COVr ± s.e.: 0.12 ± 0.082

— —

radius length fixed effect: age

COVa ± s.e.: 0.06 ± 0.087

p = 0.50

Ra = 0.14

COVr ± s.e.: −0.041 ± 0.074

fixed effect: age

COVa ± s.e.: −0.20 ± 0.08

p = 0.008

Ra =−0.87
COVr ± s.e.: 0.14 ± 0.083

—

birth weight fixed effect: 1

COVa ± s.e.: −0.045 ± 0.10

p = 0.65

Ra =−0.11
COVr ± s.e.: −0.007 ± 0.050

fixed effect: 1

COVa ± s.e.: 0.014 ± 0.10

p = 0.89

Ra = 0.05

COVr ± s.e.: 0.005 ± 0.091

fixed effect: 1

COVm ± s.e.: 0.13 ± 0.061

p = 0.04

Rm = 0.78

growth rate fixed effect: sex + age

COVa ± s.e.: 0.046 ± 0.087

p = 0.57

Ra = 0.13

COVr ± s.e.: −0.092 ± 0.079

fixed effect: sex

COVa ± s.e.: −0.20 ± 0.082

p = 0.008

Ra =−0.81
COVr ± s.e.: 0.10 ± 0.082

—
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weight by itself improved the models when sex was kept. This is probably due to the sexual dimorphism
in this species with females being heavier than males.

4.2. Genetic covariance between traits
We detected a genetic correlation between one personality trait, emergence latency and one morphological
trait, radius length. This personality trait was also correlated with the two life-history traits; birth weight
through the covariance with respect to the mother and with growth rate through additive genetic
covariance. Previous studies have detected genetic links between personality traits and other traits, as
for example in zebra fish [12], where sociability and boldness were correlated to each other and to body
pigmentation and body size, with a negative correlation between body mass and risk-taking behaviour.
We found few significant maternal effects except between emergence latency and birth weight.
Including this additional random factor in the models often led to convergence problems. For that
reason, we have presented results without the maternal effects as is done in other studies [46,50].

The genetic correlation between personality and morphology and life history is in accordance with the
phenotypic correlations previously reported for this population of mouse lemurs where individuals with
lower birth weight had a shorter emergence latency [32]. Moreover, adult body size and birth weight were
positively correlated with the latency to start exploration in an open field test [15]. This is also in
accordance with the prediction that personality should be linked to life history [59]. As such, the results
of this study are in accordance with the pace-of-life syndrome hypothesis, which posits that trait
variation in life-history and phenotypic traits are constrained by the environment to different
combination of traits, as a result of physiological (mainly endocrine) influences [3]. In our population, a
combination of low birth weight with short emergence latencies/high birth weight with long emergence
latencies appeared through genetic correlations. In addition, the results of the present study suggest that
there is also an important role of maternal effects in this correlation, with mothers that produced lighter
babies being also the ones that produce offspring that will have lower emergence latencies.
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However, we found no significant genetic correlation between the two personality traits in contrast to

the predictions of the behavioural syndrome hypothesis [60]. Our results show a trend only. In other
studies, correlations between exploration and docility in wild chipmunks (Tamias striatus) [61,62],
between activity and aggression in red squirrels (Tamiasciurus hudsonicus) [36], and high aggression
and boldness [60] have been documented. On the other hand, previous phenotypic correlation tests
between these traits in our colony of mouse lemurs were also not significant [32], consistent with the
theory that genetic correlations drive phenotypic correlations [63]. Genetic correlations between
morphological traits in our study were generally positive and close to one as in a previous study [64]
comparing six morphometric traits.

We faced major difficulties with the convergence of the bivariate models. We could have obtained
better estimates of maternal variance by a pedigree with more known paternities. A more resolved
pedigree would also have resulted in an improvement of the precision of our models, but we do not
expect changes to the principal patterns observed. Indeed, the ‘animal model’ approach was
developed to conduct heritability estimations with missing paternities [27], and for some model
species, heritability estimations have been conducted without known paternity [51]. Non-assigned
paternity can cause an underestimated additive genetic variance, however [65].

4.3. Effects of captivity
We deliberately chose to study a captive population of primate species of interest to several fields of
research, including personality research. It is important to acknowledge the potential influence of
founder effects when dealing with genetic studies on captive populations. In this species, wild
populations present a relatively high level of homozygosity, which can be interpreted by the presence
of small breeding units, with breeding distances that are shorter than foraging distances [66]. This
population structure is also symptomatic of the forest fragmentation that started in Madagascar since
its colonization by humans 2000 years ago, and that can be traced back through genetic studies to 500
years ago [67,68]. Given the low heterozygosity and small population sizes of wild populations of
M. murinus, our results are probably transposable to wild populations.

However, heritability is subject to variation across time and populations. In addition, heritability
differences could arise between wild and captive populations [69,70]. Indeed, we can assume the
sources of variation, and especially environmental variation, differ significantly in the wild when
compared with the laboratory [71]. Comparing captive populations of grey mouse lemurs with one
another, or comparing these results with data for wild populations would be of interest. This would
allow us to test whether wild animals are more constrained than captive animals and show lower
additive genetic variance or if our captive population presents similar additive genetic effects for
personality and life-history traits than a wild population. However, it is generally assumed that a
captive population could show lower additive genetic variability than wild animals because of
founder effects, but larger phenotypic variability due to reduced selection pressures [72]. It would be
interesting to further explore these trait correlations and determine their potential for fitness with a
long-term study on this short-lived primate in both the wild and in captivity.
5. Conclusion
This study provides the first evidence of additive genetic variance of two personality traits in the grey
mouse lemur. It also shows how variable the sources of variation are for different types of phenotypic
traits. This study also brings the first evidence of a genetic correlation between a morphological trait
and a personality trait in this small primate, and highlights the importance of maternal effects.
Investigating the genes underlying these correlations and the selection operating on them would be of
interest to better understand the evolution of phenotypic diversity in this primate model.

Ethics. All observations and data collected respected national and international guidelines for animal welfare. All
subjects included in the study were born and reared in captivity. All experiments were approved by and in
accordance with the guidelines of the local institutional ethics committee. Agreement number: F91-114-1.
Data accessibility. Pedigree and phenotypic data are available within the Dryad Digital Repository: https://doi.org/10.
5061/dryad.ksn02v703 [73].
Authors’ contributions. P.B.Z.-T. participated in the conception and design, acquisition of data, analysis and interpretation
of data. She also wrote the first draft of the manuscript. F.A. was involved in conception and design and revising of the
manuscript. C.J.K. participated in the acquisition of data (mainly genetics), analysis of data and revising of the

https://doi.org/10.5061/dryad.ksn02v703
https://doi.org/10.5061/dryad.ksn02v703
https://doi.org/10.5061/dryad.ksn02v703


royalsocietypublishing.org/
10
manuscript. A.H. participated in the conception and design, acquisition of data, analysis and interpretation of data and

was involved in drafting and revising the manuscript. E.P. was involved in the conception and design, acquisition of
data, revising the manuscript. All authors gave final approval for publication.
Competing interests. The authors have no competing interests to declare.
Funding. This work was supported by a doctoral grant (P.B.Z.-T.) of the ENS of Lyon, Département de Biologie.
Microsatellite analysis was financed by Mark Krasnow’s laboratory.
Acknowledgements. We thank Éric Gueton-Estrade, Sandrine Gondor-Bazin and Lauriane Dezaire for their help with the
care of the animals. We thank Justine Mezier and Grégoire Boulinguez-Ambroise for their contribution to the data
collection. We thank Mark Krasnow for his technical and financial support. We thank Valérie Ducret for kindly
accepting to revise the manuscript.
journal/rsos
References
R.Soc.open
sci.6:190632
1. Darwin C. 1859 On the origin of species,
6th edn. CreateSpace Independent Publishing
Platform. London, UK: John Murray.

2. Trut L. 1999 Early canid domestication: the
Farm-Fox Experiment: foxes bred for tamability
in a 40-year experiment exhibit remarkable
transformations that suggest an interplay
between behavioral genetics and development.
Am. Sci. 87, 160–169. (doi:10.1511/1999.2.160)

3. Ricklefs R, Wikelski M. 2002 The physiology/life-
history nexus. Trends Ecol. Evol. 17, 462–468.
(doi:10.1016/S0169-5347(02)02578-8)

4. Réale D, Garant D, Humphries MM, Bergeron P,
Careau V, Montiglio PO. 2010 Personality and the
emergence of the pace-of-life syndrome concept
at the population level. Phil. Trans. R. Soc. B 365,
4051–4063. (doi:10.1098/rstb.2010.0208)

5. Careau V, Garland T. 2012 Performance,
personality, and energetics: correlation,
causation, and mechanism. Physiol. Biochem.
Zool. 85, 543–571. (doi:10.1086/666970)

6. Réale D, Reader SM, Sol D, McDougall PT,
Dingemanse NJ. 2007 Integrating animal
temperament within ecology and evolution.
Biol. Rev. Camb. Philos. Soc. 82, 291–318.
(doi:10.1111/j.1469-185X.2007.00010.x)

7. Wikelski M, Spinney L, Schelsky W, Scheuerlein
A, Gwinner E. 2003 Slow pace of life in tropical
sedentary birds: a common-garden experiment
on four stonechat populations from different
latitudes. Proc. R. Soc. Lond. B 270, 2383–2388.
(doi:10.1098/rspb.2003.2500)

8. Martin LB, Hasselquist D, Wikelski M. 2006
Investment in immune defense is linked to pace
of life in house sparrows. Oecologia 147,
565–575. (doi:10.1007/s00442-005-0314-y)

9. Biro PA, Post JR. 2008 Rapid depletion of
genotypes with fast growth and bold
personality traits from harvested fish
populations. Proc. Natl Acad. Sci. USA 105,
2919–2922. (doi:10.1073/pnas.0708159105)

10. Le Galliard J-F, Paquet M, Cisel M, Montes-
Poloni L. 2013 Personality and the pace-of-life
syndrome: variation and selection on
exploration, metabolism and locomotor
performances. Funct. Ecol. 27, 136–144. (doi:10.
1111/1365-2435.12017)

11. Kern EMA, Robinson D, Gass E, Godwin J,
Langerhans RB. 2016 Correlated evolution of
personality, morphology and performance.
Anim. Behav. 117, 79–86. (doi:10.1016/j.
anbehav.2016.04.007)
12. Kim SY, Velando A. 2015 Phenotypic integration
between antipredator behavior and
camouflage pattern in juvenile sticklebacks.
Evolution 69, 830–838. (doi:10.1111/evo.12600)

13. Falconer DS, Mackay TF. 1996 Introduction to
quantitative genetics, 4th edn. London, UK:
Pearson.

14. Dingemanse NJ, Kazem AJN, Réale D, Wright J.
2010 Behavioural reaction norms: animal
personality meets individual plasticity. Trends
Ecol. Evol. 25, 81–89. (doi:10.1016/j.tree.2009.
07.013)

15. Thomas PB, Herrel A, Hardy I, Aujard F,
Pouydebat E. 2016 Exploration behavior and
morphology are correlated in captive gray
mouse lemurs (Microcebus murinus).
Int. J. Primatol. 37, 405–415. (doi:10.1007/
s10764-016-9908-y)

16. Mazza V, Eccard JA, Zaccaroni M, Jacob J,
Dammhahn M. 2018 The fast and the flexible:
cognitive style drives individual variation in
cognition in a small mammal. Anim.
Behav. 137, 119–132. (doi:10.1016/j.anbehav.
2018.01.011)

17. Griffin AS, Guillette LM, Healy SD. 2015
Cognition and personality: an analysis of an
emerging field. Trends Ecol. Evol. 30, 207–214.
(doi:10.1016/j.tree.2015.01.012)

18. Dingemanse N. 2002 Repeatability and
heritability of exploratory behaviour in great tits
from the wild. Anim. Behav. 64, 929–938.
(doi:10.1006/anbe.2002.2006)

19. Sinn DL, Apiolaza LA, Moltschaniwskyj NA. 2006
Heritability and fitness-related consequences of
squid personality traits. J. Evol. Biol. 19,
1437–1447. (doi:10.1111/j.1420-9101.2006.
01136.x)

20. Williamson DE, Coleman K, Bacanu S, Devlin BJ,
Rogers J, Ryan ND, Cameron JL. 2003
Heritability of fearful-anxious endophenotypes
in infant rhesus macaques: a preliminary report.
Biol. Psychiatry 53, 284–291. (doi:10.1016/
S0006-3223(02)01601-3)

21. Weiss A, King JE, Figueredo AJ. 2000 The
heritability of personality factors in chimpanzees
(Pan troglodytes). Behav. Genet. 30, 213–221.
(doi:10.1023/A:1001966224914)

22. Dochtermann NA, Schwab T, Sih A,
Dochtermann NA. 2015 The contribution of
additive genetic variation to personality
variation: heritability of personality. Proc. R. Soc.
B 282, 20142201. (doi:10.1098/rspb.2014.2201)
23. Sih A, Bell AM, Chadwick Johnson J, Ziemba RE.
2004 Behavioral syndromes: an integrative
overview. Q. Rev. Biol. 51, 211–244.

24. Weigensberg I, Roff DA. 1996 Natural
heritabilities: can they be reliably
estimated in the laboratory? Evolution 50,
2149–2157.

25. Houle D. 1992 Comparing evolvability and
variability of quantitative traits. Genetics 130,
195–204.

26. Roff D. 2001 Life history, evolution of. Encycl.
Biodivers. 3, 715–728. (doi:10.1016/B0-12-
226865-2/00175-9)

27. Kruuk LEB. 2004 Estimating genetic parameters
in natural populations using the ‘animal model’.
Phil. Trans. R. Soc. Lond. B 359, 873–890.
(doi:10.1098/rstb.2003.1437)

28. Kruuk LEB, Hadfield JD. 2007 How to
separate genetic and environmental causes of
similarity between relatives. J. Evol. Biol. 20,
1890–1903. (doi:10.1111/j.1420-9101.2007.
01377.x)

29. Landes J, Henry P, Hardy I, Perret M, Pavard S.
2019 Female reproduction bears no survival cost
in captivity for gray mouse lemurs. Ecol. Evol. 9,
6189–6198.

30. Languille S et al. 2012 The grey mouse lemur: a
non-human primate model for ageing studies.
Ageing Res. Rev. 11, 150–162. (doi:10.1016/j.
arr.2011.07.001)

31. Dammhahn M. 2012 Are personality differences
in a small iteroparous mammal maintained by a
life-history trade-off ? Proc. R. Soc. B 279,
2645–2651. (doi:10.1098/rspb.2012.0212)

32. Zablocki-Thomas PB, Herrel A, Rabardel L,
Perret M, Aujard F, Pouydebat E. 2018
Personality and performance are affected by
age and early life parameters in a small
primate. Ecol. Evol. 8, 4598–4605. (doi:10.1002/
ece3.3833)

33. Kirschner M, Gerhart J. 1998 Evolvability. Proc.
Natl Acad. Sci. USA 95, 8420–8427. (doi:10.
1073/pnas.95.15.8420)

34. Mousseau TA, Roff DA. 1987 Natural selection
and the heritability of fitness components.
Heredity (Edinb.) 59, 181–197. (doi:10.1038/
hdy.1987.113)

35. Price T, Schluter D. 1991 On the low heritability
of life-history traits. Evolution 45, 853–861.
(doi:10.1111/j.1558-5646.1991.tb04354.x)

36. Taylor RW et al. 2012 Low heritabilities, but
genetic and maternal correlations between red

http://dx.doi.org/10.1511/1999.2.160
http://dx.doi.org/10.1016/S0169-5347(02)02578-8
http://dx.doi.org/10.1098/rstb.2010.0208
http://dx.doi.org/10.1086/666970
http://dx.doi.org/10.1111/j.1469-185X.2007.00010.x
http://dx.doi.org/10.1098/rspb.2003.2500
http://dx.doi.org/10.1007/s00442-005-0314-y
http://dx.doi.org/10.1073/pnas.0708159105
http://dx.doi.org/10.1111/1365-2435.12017
http://dx.doi.org/10.1111/1365-2435.12017
http://dx.doi.org/10.1016/j.anbehav.2016.04.007
http://dx.doi.org/10.1016/j.anbehav.2016.04.007
http://dx.doi.org/10.1111/evo.12600
http://dx.doi.org/10.1016/j.tree.2009.07.013
http://dx.doi.org/10.1016/j.tree.2009.07.013
http://dx.doi.org/10.1007/s10764-016-9908-y
http://dx.doi.org/10.1007/s10764-016-9908-y
http://dx.doi.org/10.1016/j.anbehav.2018.01.011
http://dx.doi.org/10.1016/j.anbehav.2018.01.011
http://dx.doi.org/10.1016/j.tree.2015.01.012
http://dx.doi.org/10.1006/anbe.2002.2006
http://dx.doi.org/10.1111/j.1420-9101.2006.01136.x
http://dx.doi.org/10.1111/j.1420-9101.2006.01136.x
http://dx.doi.org/10.1016/S0006-3223(02)01601-3
http://dx.doi.org/10.1016/S0006-3223(02)01601-3
http://dx.doi.org/10.1023/A:1001966224914
http://dx.doi.org/10.1098/rspb.2014.2201
http://dx.doi.org/10.1016/B0-12-226865-2/00175-9
http://dx.doi.org/10.1016/B0-12-226865-2/00175-9
http://dx.doi.org/10.1098/rstb.2003.1437
http://dx.doi.org/10.1111/j.1420-9101.2007.01377.x
http://dx.doi.org/10.1111/j.1420-9101.2007.01377.x
http://dx.doi.org/10.1016/j.arr.2011.07.001
http://dx.doi.org/10.1016/j.arr.2011.07.001
http://dx.doi.org/10.1098/rspb.2012.0212
http://dx.doi.org/10.1002/ece3.3833
http://dx.doi.org/10.1002/ece3.3833
http://dx.doi.org/10.1073/pnas.95.15.8420
http://dx.doi.org/10.1073/pnas.95.15.8420
http://dx.doi.org/10.1038/hdy.1987.113
http://dx.doi.org/10.1038/hdy.1987.113
http://dx.doi.org/10.1111/j.1558-5646.1991.tb04354.x


royalsocietypublishing.org/journal/rsos
R.Soc.open

sci.6:190632
11
squirrel behaviours. J. Evol. Biol. 25, 614–624.

(doi:10.1111/j.1420-9101.2012.02456.x)
37. Roff DA. 1996 The evolution of genetic

correlations: an analysis of patterns. Evolution
50, 1392–1403. (doi:10.1111/j.1558-5646.1996.
tb03913.x)

38. Hapke A, Eberle M, Zischler H. 2003 Isolation of
new microsatellite markers and application in
four species of mouse lemurs (Microcebus sp.).
Mol. Ecol. Notes 3, 205–208. (doi:10.1046/j.
1471-8286.2003.00398.x)

39. Radespiel U, Sarikaya Z, Zimmermann E. 2001
Sociogenetic structure in a free-living nocturnal
primate population: sex-specific differences in
the grey mouse lemur (Microcebus murinus).
Behav. Ecol. Sociobiol. 50, 493–502. (doi:10.
1007/s002650100402)

40. Wimmer B, Tautz D, Kappeler PM. 2002 The
genetic population structure of the gray mouse
lemur (Microcebus murinus), a basal primate
from Madagascar. Behav. Ecol. Sociobiol. 52,
166–175. (doi:10.1007/s00265-002-0497-8)

41. Radespiel U, Secco V, Drögemuöller C, Braune P,
Labes E, Zimmermann E. 2002 Sexual selection,
multiple mating and paternity in grey mouse
lemurs, Microcebus murinus. Anim. Behav. 63,
259–268. (doi:10.1006/anbe.2001.1924)

42. Verdolin JL, Harper J. 2013 Are shy individuals
less behaviorally variable? Insights from a
captive population of mouse lemurs. Primates
54, 309–314. (doi:10.1007/s10329-013-0360-8)

43. Castanet J, Croci S, Aujard F, Perret M, Cubo J,
de Margerie E. 2004 Lines of arrested growth in
bone and age estimation in a small primate:
Microcebus murinus. J. Zool. 263, 31–39.
(doi:10.1017/S0952836904004844)

44. Butler DG, Cullis BR, Gilmour AR, Gogel BJ,
Thompson R. 2009 ASReml-R reference manual:
ASReml estimates variance components under a
general linear mixed model by residual maximum
likelihood (REML). Brisbane, Australia: Department
of Primary Industries and Fisheries.

45. Winney IS, Schroeder J, Nakagawa S, Hsu YH,
Simons MJP, Sánchez-Tójar A, Mannarelli ME,
Burk T. 2018 Heritability and social brood effects
on personality in juvenile and adult life-history
stages in a wild passerine. J. Evol. Biol. 31,
75–87. (doi:10.1111/jeb.13197)

46. Wilson AJ, Réale D, Clements MN, Morrissey
MM, Postma E, Walling C, Kruuk LEB, Nussey
DH. 2010 An ecologist’s guide to the animal
model. J. Anim. Ecol. 79, 13–26. (doi:10.1111/j.
1365-2656.2009.01639.x)

47. Hansen TF, Pélabon C, Houle D. 2011
Heritability is not evolvability. Evol. Biol. 38,
258–277. (doi:10.1007/s11692-011-9127-6)

48. Hansen TF, Houle D. 2008 Measuring and
comparing evolvability and constraint in
multivariate characters. J. Evol. Biol. 21,
1201–1219. (doi:10.1111/j.1420-9101.2008.
01573.x)

49. St-Hilaire É, Réale D, Garant D. 2017
Determinants, selection and heritability of
docility in wild eastern chipmunks (Tamias
striatus). Behav. Ecol. Sociobiol. 71, 88. (doi:10.
1007/s00265-017-2320-6)

50. Andrews CP, Kruuk LEB, Smiseth PT. 2016
Evolution of elaborate parental care: phenotypic
and genetic correlations between parent and
offspring traits. Behav. Ecol. 28, 39–48. (doi:10.
1093/beheco/arw129)

51. Reale D, Festa-Bianchet M, Jorgenson JTJ, Réale D,
Festa-Bianchet M, Jorgenson JTJ. 1999 Heritability
of body mass varies with age and season in wild
bighorn sheep. Heredity (Edinb.) 83, 526–532.
(doi:10.1038/sj.hdy.6885430)

52. Kruuk LEB, Clutton-brock TH, Slate J, Pemberton
JM, Brotherstone S, Guinness FE. 2000
Heritability of fitness in a wild mammal
population. Proc. Natl Acad. Sci. USA 97,
698–703. (doi:10.1073/pnas.97.2.698)

53. Charpentier MJE, Tung J, Altmann J, Alberts SC.
2008 Age at maturity in wild baboons: genetic,
environmental and demographic influences.
Mol. Ecol. 17, 2026–2040. (doi:10.1111/j.1365-
294X.2008.03724.x)

54. van Oers K, Drent PJ, de Jong G, van Noordwijk AJ.
2004 Additive and nonadditive genetic variation in
avian personality traits. Heredity (Edinb.) 93,
496–503. (doi:10.1038/sj.hdy.6800530)

55. Wilson AJ. 2008 Why h2 does not always equal
VA/VP? J. Evol. Biol. 21, 647–650. (doi:10.1111/j.
1420-9101.2008.01500.x)

56. Dingemanse NJ, Dochtermann NA. 2012
Quantifying individual variation in behaviour:
mixed-effect modelling approaches. J. Anim.
Ecol. 82(November), 39–54. (doi:10.1111/1365-
2656.12013)

57. Thomas PB, Pouydebat E, Hardy I, Aujard F,
Ross CF, Herrel A. 2015 Sexual dimorphism in
bite force in the grey mouse lemur. J. Zool. 296,
133–138. (doi:10.1111/jzo.12225)

58. Thomas PB, Pouydebat E, Brazidec ML, Aujard F,
Herrel A. 2016 Determinants of pull strength in
captive grey mouse lemurs. J. Zool. 298, 77–81.
(doi:10.1111/jzo.12292)

59. Biro P, Stamps J. 2008 Are animal personality
traits linked to life-history productivity? Trends
Ecol. Evol. 23, 361–368. (doi:10.1016/j.tree.
2008.04.003)

60. Sih A, Bell A, Johnson JC. 2004 Behavioral
syndromes: an ecological and evolutionary
overview. Trends Ecol. Evol. 19, 372–378.
(doi:10.1016/j.tree.2004.04.009)

61. Careau V, Montiglio P, Humphries MM, Réale D.
2015 Energy expenditure and personality in
wild chipmunks. Behav. Ecol. Sociobiol. 69,
653–661. (doi:10.1007/s00265-015-1876-2)
62. Montiglio P, Garant D, Pelletier F, Réale D. 2012
Personality differences are related to long-term
stress reactivity in a population of wild eastern
chipmunks, Tamias striatus. Anim. Behav. 84,
1071–1079. (doi:10.1016/j.anbehav.2012.08.010)

63. Cheverud JM. 1988 A comparison of genetic and
phenotypic correlations. Evolution 42, 958–968.
(doi:10.1111/j.1558-5646.1988.tb02514.x)

64. Jensen H, Sæther B, Ringsby TH, Tufto J, Griffith
SC, Ellegren H. 2003 Sexual variation in
heritability and genetic correlations of
morphological traits in house sparrow (Passer
domesticus). J. Evol. Biol. 16, 1296–1307.
(doi:10.1046/j.1420-9101.2003.00614.x)

65. Wolak ME, Reid JM. 2017 Accounting for
genetic differences among unknown parents in
microevolutionary studies: how to include
genetic groups in quantitative genetic animal
models. J. Anim. Ecol. 86, 7–20. (doi:10.1111/
1365-2656.12597)

66. Fredsted T, Pertoldi C, Schierup MH, Kappeler PM.
2005 Microsatellite analyses reveal fine-scale
genetic structure in grey mouse lemurs
(Microcebus murinus). Mol. Ecol. 14, 2363–2372.
(doi:10.1111/j.1365-294X.2005.02596.x)

67. Yoder AD et al. 2016 Geogenetic patterns in
mouse lemurs (genus Microcebus) reveal the
ghosts of Madagascar’s forests past. Proc. Natl
Acad. Sci. USA 113, 8049–8056. (doi:10.1073/
pnas.1601081113)

68. Olivieri GL, Sousa V, Chikhi L, Radespiel U. 2008
From genetic diversity and structure to
conservation: genetic signature of recent
population declines in three mouse lemur
species (Microcebus spp.). Biol. Conserv. 141,
1257–1271. (doi:10.1016/j.biocon.2008.02.025)

69. Bell AM, Hankison SJ, Laskowski KL. 2009 The
repeatability of behaviour: a meta-analysis.
Anim. Behav. 77, 771–783. (doi:10.1016/j.
anbehav.2008.12.022)

70. Herborn KA, Macleod R, Miles WTS, Schofield
ANB, Alexander L, Arnold KE. 2010 Personality
in captivity reflects personality in the wild.
Anim. Behav. 79, 835–843. (doi:10.1016/j.
anbehav.2009.12.026)

71. Hoffmann AA. 2000 Laboratory and field
heritabilities. In Adaptive genetic variation in the
wild (eds TA Mousseau, B Sinervo, JA Endler), pp.
200–218. New York, NY: Oxford University Press.

72. Pelletier F, Réale D, Watters J, Boakes EH,
Garant D. 2009 Value of captive populations for
quantitative genetics research. Trends Ecol. Evol.
24, 263–270. (doi:10.1016/j.tree.2008.11.013)

73. Zablocki-Thomas P, Herrel A, Karanewsky C,
Aujard F, Pouydebat E. 2019 Data from:
Heritability and genetic correlations of
personality, life history, and morphology in the
grey mouse lemur (M. murinus). Dryad Digital
Repository (doi:10.5061/dryad.ksn02v703)

http://dx.doi.org/10.1111/j.1420-9101.2012.02456.x
http://dx.doi.org/10.1111/j.1558-5646.1996.tb03913.x
http://dx.doi.org/10.1111/j.1558-5646.1996.tb03913.x
http://dx.doi.org/10.1046/j.1471-8286.2003.00398.x
http://dx.doi.org/10.1046/j.1471-8286.2003.00398.x
http://dx.doi.org/10.1007/s002650100402
http://dx.doi.org/10.1007/s002650100402
http://dx.doi.org/10.1007/s00265-002-0497-8
http://dx.doi.org/10.1006/anbe.2001.1924
http://dx.doi.org/10.1007/s10329-013-0360-8
http://dx.doi.org/10.1017/S0952836904004844
http://dx.doi.org/10.1111/jeb.13197
http://dx.doi.org/10.1111/j.1365-2656.2009.01639.x
http://dx.doi.org/10.1111/j.1365-2656.2009.01639.x
http://dx.doi.org/10.1007/s11692-011-9127-6
http://dx.doi.org/10.1111/j.1420-9101.2008.01573.x
http://dx.doi.org/10.1111/j.1420-9101.2008.01573.x
http://dx.doi.org/10.1007/s00265-017-2320-6
http://dx.doi.org/10.1007/s00265-017-2320-6
http://dx.doi.org/10.1093/beheco/arw129
http://dx.doi.org/10.1093/beheco/arw129
http://dx.doi.org/10.1038/sj.hdy.6885430
http://dx.doi.org/10.1073/pnas.97.2.698
http://dx.doi.org/10.1111/j.1365-294X.2008.03724.x
http://dx.doi.org/10.1111/j.1365-294X.2008.03724.x
http://dx.doi.org/10.1038/sj.hdy.6800530
http://dx.doi.org/10.1111/j.1420-9101.2008.01500.x
http://dx.doi.org/10.1111/j.1420-9101.2008.01500.x
http://dx.doi.org/10.1111/1365-2656.12013
http://dx.doi.org/10.1111/1365-2656.12013
http://dx.doi.org/10.1111/jzo.12225
http://dx.doi.org/10.1111/jzo.12292
http://dx.doi.org/10.1016/j.tree.2008.04.003
http://dx.doi.org/10.1016/j.tree.2008.04.003
http://dx.doi.org/10.1016/j.tree.2004.04.009
http://dx.doi.org/10.1007/s00265-015-1876-2
http://dx.doi.org/10.1016/j.anbehav.2012.08.010
http://dx.doi.org/10.1111/j.1558-5646.1988.tb02514.x
http://dx.doi.org/10.1046/j.1420-9101.2003.00614.x
http://dx.doi.org/10.1111/1365-2656.12597
http://dx.doi.org/10.1111/1365-2656.12597
http://dx.doi.org/10.1111/j.1365-294X.2005.02596.x
http://dx.doi.org/10.1073/pnas.1601081113
http://dx.doi.org/10.1073/pnas.1601081113
http://dx.doi.org/10.1016/j.biocon.2008.02.025
http://dx.doi.org/10.1016/j.anbehav.2008.12.022
http://dx.doi.org/10.1016/j.anbehav.2008.12.022
http://dx.doi.org/10.1016/j.anbehav.2009.12.026
http://dx.doi.org/10.1016/j.anbehav.2009.12.026
http://dx.doi.org/10.1016/j.tree.2008.11.013
http://dx.doi.org/10.5061/dryad.ksn02v703

	Heritability and genetic correlations of personality, life history and morphology in the grey mouse lemur (Microcebus murinus)
	Introduction
	Material and methods
	Subjects and colony management
	Pedigree construction
	Phenotypic traits
	Emergence tests
	Agitation score
	Morphology
	Life-history traits

	Statistical analysis
	Univariate models
	Trait comparisons
	Bivariate models


	Results
	Discussion
	Trait variance decomposition
	Genetic covariance between traits
	Effects of captivity

	Conclusion
	Ethics
	Data accessibility
	Authors' contributions
	Competing interests
	Funding
	Acknowledgements
	References


