[l THE ROYAL
®]&G SOCIETY

Received 20 June 2002
Accepted 15 August 2002
Published online 25 November 2002

Realized heritability of personalities in the great tit

(Parus major)
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Behaviour under conditions of mild stress shows consistent patterns in all vertebrates: exploratory behav-
iour, boldness, aggressiveness covary in the same way. The existence of highly consistent individual vari-
ation in these behavioural strategies, also referred to as personalities or coping styles, allows us to measure
the behaviour under standardized conditions on birds bred in captivity, link the standardized measure-
ments to the behaviour under natural conditions and measure natural selection in the field. We have bred
the great tit (Parus major), a classical model species for the study of behaviour under natural conditions,
in captivity. Here, we report a realized heritability of 54 £ 5% for early exploratory behaviour, based on
four generations of bi-directional artificial selection. In addition to this, we measured hand-reared juveniles
and their wild-caught parents in the laboratory. The heritability found in the mid-offspring-mid-parent
regression was significantly different from zero. We have thus established the presence of considerable
amounts of genetic variation for personality types in a wild bird.
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1. INTRODUCTION

Individual animals often face an enormous temporal and
spatial variation in their social and non-social environ-
ment. The ability to cope with this variation is an
important determinant of fitness. Rapidly accumulating
evidence for many vertebrates, including man, shows that
individuals react to mildly stressful events in different
ways. This behavioural variation is often highly consistent
within individuals and independent of sex, age or social
status. Different behavioural and physiological reactions
are correlated (Mendl & Paul 1991), indicating that they
are a fundamental aspect of behavioural organization com-
parable with variation in human personalities (Buss 1991).
The reactions of individuals can be quantified on main
axes such as ‘shyness—boldness’ (Wilson et al. 1994;
Greenberg 1995), ‘exploration’ (Clark & Ehlinger 1987)
or ‘aggressiveness’ (Benus er al. 1991; Sluyter ez al. 1996).
Individuals on the extremes of the main axes can be
characterized as having different strategies or coping styles
(review, Koolhaas er al. 1999).

At one end of the range we find an ‘active’ strategy,
characterized by rapid decisions, manipulating stressful
events, relatively insensitive to external stimuli, ready to
form routines, a high level of aggressiveness, boldness, a
high level of testosterone and a high reactivity of the sym-
pathetic nervous system. At the other end of the range,
we find a ‘passive’ strategy, characterized by caution in
decisions, relatively highly sensitive and readily adjustable
to the external situation, a relatively low level of aggress-
iveness, shyness and a high reactivity of the hypophyse—
pituitary adrenal axis and the parasympathetic nervous
system. These animals generally adapt themselves to the
environment (Bohus ez al. 1987; Benus ez al. 1991; Hess-
ing et al. 1994). This system can be captured in several
terms: ‘coping styles’, ‘behavioural strategies’, ‘neophobia’
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(review, Greenberg & Mettke-Hofmann 2001) and ‘A- or
B-personalities’. Artificial selection in several domesti-
cated mammalian species has shown that this behavioural
variation has an important heritable component (e.g. Van
Oortmerssen & Bakker 1981; Sluyter et al. 1995). In
house mice, the existence of gene—environment interac-
tions has been shown to some degree (Benus ez al. 1987),
indicating that early experiences can induce persistent
behavioural changes in stress-response in adulthood
(review, De Kloet et al. 1988). Many behavioural traits
are potentially affected by many gene loci. However, only
a subset of these loci is variable within populations.
Among the key questions in describing different behav-
ioural traits within natural populations is how this vari-
ation is caused and maintained, and what consequences
this has for the individual fitness. For these questions, it
is a prerequisite to assess the role and the structure of a
genetic component in these behavioural traits in natural
populations (Brodie & Russel 1999). A population is able
to react in an adaptive way, only in the presence of genetic
variation; at what rate this happens is dependent on the
amount of genetic variation (Falconer & Mackay 1996).

In our model species, the great tit Parus major, hand-
reared individuals of both sexes consistently differ in the
way they explore a new environment (‘fast’ versus ‘slow’).
This is strongly correlated with differences in behaviour
towards novel objects (Verbeek er al. 1994; Drent & Mar-
chetti 1999). There were significant differences among
sib-groups in the outcomes of these tests (Verbeek er al
1994; Drent & Marchetti 1999), indicating either a deter-
mination early in life or genetic effects. These individual
differences in exploration and boldness have predictive
value for differences in aggressiveness (Verbeek er al
1996), recovery time and behaviour after lost contests
(Verbeek er al. 1999), foraging behaviour (Marchetti &
Drent 2000; Drent & Marchetti 1999) and reactions to
stress (Carere et al. 2001). All of which are characters
known to affect fitness.
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A bi-directional selection experiment was started with
wild-caught great tits hand reared in the laboratory. We
used a combined score of the exploration of an unknown
environment and the reaction to a novel object in the fam-
iliar environment. Both tests were performed approxi-
mately 40 days after hatching. Individuals with high and
low scores were mated assortatively to become the parents
of the F, generation. We used a design with cross fostering
and split broods to separate genetic effects from a possible
parent—offspring resemblance caused by common environ-
ment effects. We report the results from the first four gen-
erations of selection on this score. Heritability estimates
obtained in the laboratory do not automatically predict
responses to selection in the wild. The expression of
exploratory behaviour in birds raised in the laboratory
could be context dependent (Lambrechts er al. 1999).
Therefore, we assessed estimates of heritability of explo-
ration of a novel environment in a natural population by
collecting wild adult great tits and their nestlings from
the field.

2. MATERIAL AND METHODS

(a) Study species

The great tit is a common monogamous territorial passerine,
which breeds in secondary holes and artificial nest-boxes in all
types of wooded areas throughout Europe and parts of Asia and
North Africa (Perrins 1965). Individuals frequently have to cope
with temporal and spatial variation in their social and non-social
environment. Areas differ in the presence and distribution of
resources such as food, roosting and breeding holes in both time
and space (Gibb 1954; Betts 1955; Van Balen 1973, 1980).
Males are territorial throughout the annual cycle, when foraging
conditions in and around the territory allow. However, during
autumn and winter, the spatial intolerance is often replaced by
hierarchical intolerance during flocking behaviour with other
neighbouring territory owners and their mates and non-terri-
torial birds, particularly when food is locally unpredictable,
scarce or difficult to find (Drent 1984). Females compete for
males with a strong preference for males with territorial status.
The hierarchical organisation in flocks is similar to the classic
study of jays by Brown (1963; De Laet 1976; Drent 1983) and
resembled the scrounger—producer system as pointed out by
Barnard & Sibly (1981). Low-ranking birds often disperse from
flock to flock and thereby between areas. After independence of
the parents, that is ca. 35 days after hatching, the young form
flocks in which social hierarchies develop. In this period juven-
iles disperse between flocks and areas, first caused by the earlier
experiences by the parents and, later, by density and food avail-
ability and distribution (Goodbody 1952; Dhondt 1979; Drent
1984). From September of the year of fledging onwards, young
males start to claim a territory or individual dominance area on
vacant ground between the still-existing territories of adult males
or on less attractive parts of large territories. Early territory own-
ership strongly increases survival, dispersal and reproduction
thus fitness (Drent 1983, 1984).

(b) Animal collection from the field

We collected nestlings from two wild populations at an age of
10 days after hatching. In 1993, we collected 81 nestlings from
11 broods. In 1998, 15 pairs were caught in the breeding boxes
with spring traps and transported to the laboratory together with
their 102 nestlings. These birds were taken from the same popu-
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lations as those from 1998. In the laboratory, the adults were
housed individually in standard cages of 0.9 mx 0.4 mXx 0.5 m
with solid bottom, top and rear walls and a wire-mesh front and
three perches. They were tested for exploration of a standard
novel environment 10 days after capture. After testing, the par-
ents were released at their capture site.

We only collected broods without nestling mortality and with
a normal nestling growth (weight on day 10: 13.0 g or higher)
(see Van Balen 1973). For the later generations the nestlings
were weighed at the age of 5 and 10 days. The tarsus was meas-
ured at day 10. If at an age of 5 days the weight of the young
stayed behind the expectation of well-grown broods (less than
7.0 g) artificial food (frozen mealworms and larvae of the wax
moth) was offered daily in a small cup inside the respective nest-
box. Almost all these parents used this food, which resulted in
a mean brood weight greater than 13 g on day 10 after hatching.

(¢) Rearing of the young

Ten-day-old nestlings, collected from the field, were divided
into groups of 4-5 siblings. These groups were placed in natural
nests in cardboard boxes. The young were hand reared on a
mixed diet (Verbeek ez al. 1994). Survival during hand rearing
was 95%, and 17-20 days after hatching, the normal fledging
age, the young start to leave the nests. The fledglings were then
housed in small wire cages (0.5 mx 0.4 mx 0.4 m) with two
perches, maintaining the sibling groups from the nestling phase.
At day 20, small cups containing a beef heart mixture, sup-
plemented with insect food and water were placed in the cages.
Within a few days after the first young started to exploit this
food, hand feeding was gradually withdrawn. At day 35 after
hatching birds were housed individually in standard cages. At
this age, juveniles in the field also normally become independent
of their parents. Birds were kept under natural light conditions
with acoustic and visual contact with each other. Juveniles of
parents with different scores were housed in the same room.
Each cage was connected to a light-tight observation room
(4.2mx2.5mx2.3m) via a sliding door (20 cm X 20 cm) in
the rear wall.

(d) Standard tests

Two different tests were performed to all hand-reared juven-
iles. A novel environment test was conducted in a standard
observation room (analogous to an open field test; for details
see Verbeek ez al. (1994)) two days after individual housing. The
time needed to visit four of the five artificial wooden trees was
converted linearly to a scale of 0-10. A score of 10 (‘fast’) means
that the bird reached the fourth tree within 1 min and a score
of 0 means that the bird did not reach the fourth tree within
10 min (‘slow’). Respectively, 10 and 11 days later, this was fol-
lowed by tests of the reaction to two different novel objects con-
ducted in their individual cage (see also Verbeek ez al. 1994).
In these tests, a novel object was introduced on one of the outer
perches. For this, a penlight battery was used on the first day
and an 8 cm bendable pink rubber toy (‘pink panther’) on the
second day. The latency to approach this object (in seconds)
and the shortest distance to this object within 120 s were scored.
The results for each test were converted linearly to a 0-5 scale.
A score of 5 was given when the bird pecked the object, a score
of zero when the bird did not land on the branch on which the
object was situated. The sum of the test scores: 0-20 is the trait
selected on, where 0 is the extreme ‘slow’ and 20 is the extreme
‘fast’ score.
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(e) Bi-directional artificial selection of early
exploratory behaviour

For the parental generation, we selected those juveniles from
the birds collected in 1993 that had the highest and lowest
summed scores. Both fast and slow lines were started and
maintained with nine pairs. Pairs were kept in aviaries
(2.0mx4.0mx2.5m) from December onwards. In spring,
eggs were collected daily and exchanged with dummy eggs.
Clutches of eight eggs from the same pair were brought to the
field and incubated by foster females. One day after hatching,
nestlings were exchanged to form mixed broods of, at most,
eight young. As far as possible, each foster brood consisted of
equal numbers of offspring from both selection lines. Nestlings
were collected at an age of 10 days and then hand reared in
mixed groups in the laboratory. For later generations we formed
pairs from the offspring by selecting the individuals with the
highest scores for the ‘fast’ line and lowest scores for the ‘slow’
line, avoiding full-sib and first-cousin mating. Hand rearing was
identical to that carried out on the parental generation.

(f) Statistical analysis

The narrow sense heritability (%#2) measures the proportion of
total variance that is attributed to the effect of genes and is
defined as the ratio of additive genetic variance (V/,) to total
phenotypic variance (Vp), with 42 = V,4/Vp (Falconer & Mackay
1996; Lynch & Walsh 1998). We estimated the within-family in
relation to between-family variance (also referred to as broad
sense heritability) using a Kruskal-Wallis test with nest as a
grouping variable. For this analysis, the data from both 1993
and 1998 were used. The resemblance of offspring to their wild-
caught parents was calculated from weighted and non-weighted
mid-offspring—mid-parent regression on the exploration of a
novel room. For the analyses of the bi-directional selection lines,
we used the mid-parent values and the mean of sib groups per
guest pair. For the analysis of the foster parent effect in 1995
and 1996, we used a Poisson regression with juvenile exploration
score, corrected for over-dispersion (for details see Crawley
(1993)), as the dependent variable and foster parent and biologi-
cal parent as factors in the full model. For this analysis, we used
GLIM 4.0 for ecologists (Crawley 1993). For all other analyses,
we used SPSS 10.1 software.

3. RESULTS
(a) Realized heritability of early exploratory
behaviour

In table 1 the population measures of the exploration
score for the juvenile populations of 1993-1997 are given.
Although there were fluctuations in the response to selec-
tion, the artificial selection experiment showed strong
effects in four generations (figure la). In the up- and
down-selection the mean score changed respectively from
1.78 to —1.31 units per generation. In figure 15 the cumu-
lative response to selection (response compared with the
starting population) has been plotted against the cumulat-
ive selection differential (the deviation of the individuals
used as parents from the mean value in their generation).
The realized heritability in the base population is the pro-
portion of the total observed variance in the starting popu-
lation that can be attributed to genetic factors, which in
this case is calculated from the regression coefficient of
the cumulative response to selection over the cumulative
directional selection differential: 0.545 + 0.046 (linear
regression; r* = 0.95, F; s = 139.32 and p < 0.0001).
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Figure 1. Response to artificial selection per generation (a)
and relative to the cumulative selection differential (b) for
both up-selection (filled triangle) and down-selection
(inverted open triangle) with s.e.m. Lines represent
regression lines for up- and down-selection. The slopes for
up- and down-selection separately are 0.69 (linear regression;
?=0.90, F, , =26.03 and p=0.015) and 0.45 (linear
regression; r* = 0.80, F, , = 12.27 and p =0.039),
respectively.

Behavioural traits are usually quite sensitive to the
environment in which individuals have grown up. A care-
ful inspection of figure 1a shows that both lines have rela-
tively low scores in the F; and relatively high scores in
the F, generations. It is therefore necessary to investigate
whether the effects of the microenvironment cause a par-
ent—offspring resemblance. Our cross-fostering design, in
which a large proportion of the offspring in the F, (1995)
and F; (1996) generations from both selection directions
were raised together in mixed broods by foster pairs in the
field until 10 days after hatching, made it possible to ana-
lyse this in more detail. Maternal effects transmitted
through egg characteristics however are, although
unlikely, still possible. In figure 2, the mean exploration
score of full sibs that were raised together in one foster
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Figure 2. Effect of cross fostering for the F, generation in
1995 (a) and the F; generation in 1996 (b). Each line
connects two dots, which represent one fast and one slow
sib group, which were raised together in one foster group.
Both graphs show data on nine foster groups.

nest are plotted against the mid-parent scores of their bio-
logical parents, for the F, (figure 2a) and the F; (figure
2b) generation. A line connects the two sib groups from
the different selection lines that were raised together in
one foster nest. In the absence of a genetic component, we
would expect horizontal lines. In the case of solely genetic
effects, the regression coefficient of the lines would
approach one. Using the mean values of sib groups raised
together in one foster nest, the regression coefficient of
offspring values on parental values is 0.75 (range: 0.62—
1.32; linear regression: R?>=0.70, F,,5=42.99 and p
< 0.0001; figure 2a) in the F, generation and 0.73 (range
0.36-1.23; linear regression: R? = 0.68, F, ,, = 45.14 and
P <0.0001; see figure 2b) for the F; generation. Because
eggs were brought to the field with minimum delay, and
we maximized the number of chicks raised in mixed
broods, combinations are often not symmetrical, which
complicates statistical analysis. However, the results of a
Poisson regression of juvenile exploration score with bio-
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logical, and foster, parents as factors are clear. Both for
the F, and F; data, there is a highly significant effect of
biological parents (1995: x2=56.48 and p < 0.0001;
1996: x3,=72.11 and p < 0.0001) and no effect of foster
parents (1995: x%,=5.47 and p = 0.94; 1996: x?,=28.33
and p = 0.96). Interactions were not significant (1995:
X3=0.12 and p=0.94; 1996: x3=1.94 and p=0.58).
Analysis of the data for both years combined confirms a
significant effect of the biological parents, but no interac-
tion and no effect of guest pairs. This implies that the
effect of raising conditions within our set-up is small and
that parent—offspring resemblance is not due to parental
influences on the juvenile environment.

(b) Heritability of wild-caught parents and their
hand reared offspring

To confirm whether the variation in our laboratory lines
is related to the variation under natural conditions, we
estimated the resemblance of exploration scores of adult
great tits collected from the field and their laboratory-
raised nestlings. We collected a second group of wild adult
birds together with their 10-day-old offspring in 1998.
There was no difference in mean exploration scores per
nest between these juveniles and those collected in 1993
(z-test, 1,4, = 0.46 and p = 0.65). The within-nest variance
was again smaller than the among-nest variance (Kruskal—
Wallis test, x35=46.0 and p = 0.006). This demonstrates
that young from the same brood show more resemblance
to each other than to offspring of other broods. Explo-
ration scores of the juveniles from this group were lower
than those of their parents, which were measured as
adults. This was probably due to a mixture of age and
seasonal effects (Dingemanse et al. 2002).

We estimated the resemblance in this group as if it was
heritability, although the measurements in parents and
offspring were made at quite different ages. Both the
weighted (A =0.247+ 0.101 and p=0.017) and the
non-weighted (4*>=0.331% 0.114 and p=0.018) mid-
offspring—mid-parent regression were significantly differ-
ent from zero, but not from each other (ztest,
107 = 0.181 and p > 0.05). Because these two methods
produce the most extreme estimates of heritability, this
indicates that family size had no major effect.

4. DISCUSSION

We have shown that variation in coping behaviour is
heritable in a wild bird population by performing a bi-
directional selection experiment in captivity. We found a
strong response to selection after four generations of selec-
tion.

Laboratory conditions might overestimate natural heri-
tabilities, owing to a reduction in environmental variability
(Riska er al. 1989). Our heritability measures from the
mid-offspring-mid-parent regression of wild-caught par-
ents and their hand-reared offspring and the selection
experiment in the great tit also show this. This result is
also confirmed by a parallel study, where adults from a
natural population were taken to the laboratory, tested
and released within 24 h (Dingemanse ez al. 2002). Using
known family relationships, broad sense heritability esti-
mates of ca. 30% for the behaviour in an unfamiliar room
are similar to this resemblance of adult parents and juven-
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Table 1. Population measures of the exploration score for the juvenile populations of 1993-1997.
(Abbreviations: S.,.,, the cumulative selection differential; 7, total number of offspring tested; m, mean; s.e.m., standard error of
mean; 42, heritability; s.e., standard error of heritability; Vp, phenotypic variance; V,, additive genetic variance.)

type year Scum n m s.e.m. h? s.e. Vp Va

down-selection 1993 85 6.45 0.60 31.01
1994 —6.26 24 5.83 0.89 0.10 0.00 18.84 1.88
1995 —8.59 37 3.30 0.57 0.37 0.21 12.10 4.45
1996 —10.43 47 1.62 0.42 0.46 0.16 8.15 3.75
1997 —-9.61 35 2.31 0.56 0.43 0.13 10.93 4.71

up-selection 1994 2.94 52 9.40 0.68 1.00 0.00 24.29 24.29
1995 6.74 43 11.91 0.60 0.81 0.10 15.28 12.35
1996 8.33 60 10.80 0.67 0.52 0.18 26.81 13.97
1997 10.95 31 15.00 0.59 0.78 0.13 10.80 8.43

ile offspring. This is in agreement with the result from
several other comparative studies on the similarity
between heritability estimates in the laboratory with those
in the field (Riska et al. 1989; Weigensberg & Roff 1996).
Laboratory estimates of heritability tend to be somewhat
higher, but not significantly different.

Furthermore, we cannot completely exclude environ-
mental maternal effects. In a model study Riska ez al
(1985) pointed out that their influence will diminish after
one generation of selection, which in our case would mean
that the response to selection would have decreased or
even been absent after the second generation of selection
(for more details see Reznick & Bryga (1987)).

The question of the evolutionary origin and persistence
of phenotypic variation in behavioural traits within popu-
lations is a central topic in biology. The genetics underly-
ing individual variation in behaviour in natural
populations is often not well known owing to the difficult-
ies in distinguishing between environmental and genetic
effects (Griffith ez al. 1999). The extent to which environ-
mental effects or genes determine individual variation in
behaviour is essential for the explanation of coexistence of
different phenotypes and thereby for the population
dynamics and evolution of the system. The three key ques-
tions in understanding the presence of different behav-
ioural traits within one natural population are: how the
variation is caused, what the consequences are for the
individual fitness and how the variation is maintained.

Behavioural strategies with restricted plasticity are suites
of correlated behaviours that reflect within-individual con-
sistency in reactions to cope with environmental chal-
lenges across context. In other words, an individual’s
reaction in one context is linked to its reaction in another
context. The different traits of these strategies have not
evolved in isolation but as a package (Price & Langen
1992; Lynch & Walsh 1998). The within-individual corre-
lations between traits generate trade-offs in reaction norms
across context, which can have a major role in evolution.
In understanding the evolution towards behavioural
strategies a useful analogy with consistent variation in life
history could be made (Stearns 1997). Owing to the trade-
offs generated by these correlations, depending on the
selection regimes, individuals may not be able to maximize
their effort in any given situation, so if we look to the result
of one of these reactions in isolation, it often appears sub-
optimal. Across contexts in the individual lifespan, the
overall result could be more successful than to behave
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optimally in one context and have to pay the cost in
another context. Therefore, the combination of spatial-
and temporal-social and non-social variation in the
environment resulting in different selection regimes, and
the trade-offs between different traits, can explain the
maintenance of the different strategies (Mangel &
Stamps 2001).

Genetic differences between behavioural strategies
could have critical implications for ecology and evolution.
Animals have to cope with an enormous spatial and tem-
poral variation in their social and non-social environment.
Under the non-social environment, man-caused changes
and variability in the environment become increasingly
important. The differences in ability to cope with chal-
lenges are an important determinant of differences in local
survival, dispersal and reproduction (lifetime reproductive
success, fitness). These in their turn determine differences
in density and in the genetic structure of populations in
time including the frequency distribution of behavioural
strategies. Density and frequency distribution are a part
of the social environment resulting in competition for
resources and in frequency-dependent competition and/or
cooperation in flocks and breeding couples, thereby influ-
encing the fitness of their individual members.

Without knowledge of the context and the individual
consistent behavioural strategies, it is not surprisingly that
conflicting ecological results could arise. Different behav-
iours, which are part of the strategy, and different consist-
ent behavioural strategies, should not be studied in
isolation in one context, as is often done by behavioural
ecologists. Understanding the outcome in any given con-
text could require an understanding of the implications of
their correlated behaviours over context. This implies that
the relative success, in fitness terms, of individuals with
different strategies often changes with the context, prob-
ably resulting in major consequences for differences in
population size and structure (Drent & Marchetti 1999;
Drent ez al. 2002).

However, such knowledge is almost always lacking in
studies on vertebrate species under natural conditions.
Density-dependent selection could also be a mechanism
for the cause of this variation (Chitty 1958). It was shown
to be responsible for varying selection pressures, thereby
accounting for maintenance of variation in throat colour
in lizards (Sinervo er al. 2000). To our knowledge, only
one other study in birds was able to couple genetic vari-
ation in behaviour to fitness consequences (Pulido ez al.
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2001). In respect of behaviour to cope with environmental
challenges, only one vertebrate study in a population of
wild house mice indicated that the relative frequency of
coping strategies changes in the different population-
dynamic phases, suggesting that differential selection on
these heritable strategies occurs in the wild (Benus er al.
1987). Our results, and the extensive knowledge of the
ethology and ecology of the great tit, indicate that this
species is a suitable model to carry out such research in
the wild, and our demonstration of considerable amounts
of genetic variation is a major step forward.
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