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We studied phenotypic patterns and underlying quantitative
genetics of development of sexual size dimorphism in red
junglefowl (Gallus gallus). Using a multigenerational pedi-
gree and the ‘animal model’ technique, we found significant
heritability for many of the size and growth-related traits we
examined, as well as significant genetic correlations among
them. Despite sexual size dimorphism throughout posthatch-
ing ontogeny, the genetic correlation between males and
females for all size measurements and growth parameters
remained high. Significant positive phenotypic and genetic
correlations between the fastest rate of growth and mass at
week 26 (near asymptote) indicate that faster growth when
young promotes larger adult size. However, age at which
peak growth is reached does not appear to be phenotypically

or genetically correlated with adult size. Positive genetic
correlations within traits among ages were common, demon-
strating that the genetic variance important to growth is
relatively consistent among ages. However, male mass and
tarsus length showed no genetic correlation between week 0
values and those from later ages. The body size traits of
mass and tarsus length were genetically correlated with each
other in females, but this pattern was not significant in males.
Thus, despite striking sexual dimorphism in size and growth
trajectories, size dimorphic traits in junglefowl show, with
some exceptions, genetic integration between the sexes,
among ages, and between traits.
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Introduction

The common form of sexual size dimorphism, males
larger than females, appears to be the outcome of selection
for success in male–male aggressive encounters (Ligon,
1999; Bennett and Owens, 2002). Behavioural ecologists
interested in sexual selection have typically stopped their
analyses at this level, and have ignored the developmental
processes leading to sexual size dimorphism. However,
there is a growing body of research devoted to under-
standing these mechanisms (Badyaev, 2002).

Functionally related morphological traits are typically
genetically correlated with each other to a higher degree
than are functionally unrelated traits (reviewed in Lynch
and Walsh, 1998). Components of body size, for instance,
often show high genetic correlation. Body size traits are
presumably often under selection to covary phenotypi-
cally and thus be developmentally integrated (Cheverud,
1988), and the genetic correlations among these traits
may be due to the influence of a partially overlapping set
of genes (pleiotropy) on similar developmental pathways
(Lynch and Walsh, 1998).

For sexually monomorphic traits, expression in both
sexes is presumably influenced by the same develop-
mental pathway and the same genetic variation, and thus
genetic correlation between the sexes should be high

(eg Jensen et al, 2003). With sexually size dimorphic
traits, expectations for between-sex genetic correlations
are less clear. Weakened genetic correlation might be
expected during the evolutionary divergence between
the sexes (Lande, 1980; Roff, 1997), although not
necessarily (Badyaev, 2002). However, estimates of
between-sex genetic correlations remain rare (Roff,
1997; Rice and Chippindale, 2001).

In this study, we assessed phenotypic variation in the
development of two sexually size dimorphic traits. We
then partitioned this phenotypic variation into genetic
and environmental influences using multigenerational
quantitative genetics techniques based on restricted
maximum likelihood (REML) methods. These methods,
developed by animal breeders, are becoming increas-
ingly popular in behavioural ecology and evolutionary
biology (reviewed in Kruuk, 2004). We used data from
three generations of red junglefowl (Gallus gallus L.) to
assess quantitative genetic patterns in mass gain and
tarsus growth. We explored the extent to which growth
trajectories were heritable and genetically integrated
between traits and among ages. We also asked whether
patterns of quantitative genetic variance were distinct in
males and females and to what extent genetic correla-
tions existed between the sexes.

Materials and methods

Study species
We studied patterns of growth in red junglefowl, the
wild ancestor to the domestic chicken (see Parker
and Garant, 2004 for details regarding our study popu-
lation). Male dominance is an important determinant of
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reproductive access to females in this species (Collias
and Collias, 1996), and males are much larger than
females (Parker and Garant, 2004). Male mass and tarsus
length both correlate positively with dominance rank
(T Parker, unpublished data; Parker et al, 2002), prob-
ably because larger size bestows an advantage in male
conflict.

In 6-month-old (nearly fully grown) junglefowl, mass
and tarsus length are both highly heritable (Parker and
Garant, 2004). However, these two traits showed differ-
ent patterns of genetic variance and covariance in males
and females. Mass and tarsus length were not genetically
correlated in males, but were in females (Parker and
Garant, 2004).

Data
Most of the birds used in these analyses were those
included in previous work examining hypotheses related
to sexual selection (Parker, 2003) as well as quantitative
genetics of sexually dimorphic traits in a singe age
class of junglefowl prior to their first breeding season
(Parker and Garant, 2004). In brief, a founding generation
of 17 males and 24 females of unknown relatedness
hatched in 1998 were bred to produce a second
generation in 1999. Of the 201 chicks from the 1999
generation measured over all or part of their growth
period, 24 males and 56 females were bred to produce a
third generation in 2000. Of the birds hatched in 2000,
321 were measured at least once during their develop-
ment. Thus, 563 individuals are included in our
pedigree. As some chicks died or were euthanized, and
a few chicks were accidentally not measured at least
once, sample sizes vary among ages. The smallest
samples are for growth curve data, which required no
missing measurements. This data set includes 205 males
and 235 females. All birds produced in 1999 and 2000
were sired by artificial insemination. Females incubated
their own eggs and reared chicks until 3 to 5 weeks old,
at which point chicks were moved to standard density,
single-age flocks containing up to 60 individuals. All
birds were housed in large aviaries out of doors,
were fed identical moderate protein poultry diets, and
had ad libitum access to food and water. See Parker
(2003) for additional details on the breeding and rearing
conditions.

We did not take morphological measurements for
birds in the founding population during their develop-
ment, and so these birds only served to increase the
number of links in the pedigree. In the two subsequent
generations, we measured mass and tarsus length first at
2 days of age, then every 7 days until reaching the age
of 10 weeks, and then every 4 weeks until 26 weeks of
age. We measured mass to the nearest gram on an elec-
tronic balance and lengths with dial callipers to the
nearest tenth of a millimetre. For each individual
junglefowl for which we had no missing measure-
ments (see above), we also fit Gaussian growth curves
ðtrait value ¼ að1 � ge�btime2Þ þ eÞ using a nonlinear opti-
mization process (SAS 8.2, proc nlin) that determines the
values of a, b and g that minimize the sum of squares. We
fit these curves for both mass and tarsus length to
estimate the ages at which mass gain and tarsus growth
rate were fastest and the steepness of the growth curves
at those ages.

Data analysis
Identifying environmental correlates of morphology –
We conducted general linear mixed-models analyses
(SAS 8.2, proc mixed) to identify environmental variables
correlated with the phenotypic traits of interest (tarsus
length, mass, age at point of fastest growth, steepest
slope of growth curve). This was done so that we could
include these variables as fixed effects in our quantita-
tive genetics analyses to account for heterogeneity in
environmental effects on the phenotype. We included
brood identity as a random variable in these mixed
models to control for nonindependence of individuals
within broods. The two variables found to be important
influences on the morphological traits and growth
were the individual’s environment of rearing (three
categories) and the individual’s mother’s environment
of rearing (four categories, see Parker and Garant,
2004, for further explanation of these variables). The
first was a consistent predictor of tarsus length, and so
was selected for inclusion in further analyses of this trait,
and the second was a consistent predictor of mass,
and so was selected for inclusion in further analyses of
this trait.

Heritability and components of variance – We esti-
mated heritability of each trait through a mixed model
REML estimation procedure using the software package
ASReml (1.1, VSN International Ltd). We used the
pedigree information (available for 563 individuals) to
fit an individual ‘animal model’ (Lynch and Walsh, 1998),
which partitions phenotypic variance in a quantitative
character into its additive genetic and other fixed and
random components (Kruuk, 2004). This technique can
be used with unbalanced data sets and does not assume
that selection, inbreeding, or assortative mating are
absent (Kruuk, 2004). The animal model does assume a
lack of selection in the founding generation, but it is
relatively robust to violations of this assumption. The
method also assumes that residual error from each
observation is uncorrelated with other residual errors.
This can be violated due to dominance genetic variance,
but in practice, accounting for this problem is rarely
accomplished (Lynch and Walsh, 1998). Trait values
should be normally distributed, but the animal model is
fairly robust to violations of this assumption (Kruuk,
2004). When we experimented with eliminating moder-
ate outliers at the tails of our distributions, our estimates
were not changed meaningfully. One of two categorical
variables discussed above were included as fixed effects
to account for temporal and spatial heterogeneity in
environmental effects on the phenotype. The brood
identity was always fitted as a random effect to account
for common-environment effects specific to the indivi-
dual brood, as well as maternal and paternal effects
(Kruuk, 2004). Total phenotypic variance (VP) of each
trait was therefore partitioned into additive genetic
variance (VA), common environmental variance due to
brood (VB) and residual variance (VR). The narrow-sense
heritability (h2) was estimated as the ratio of the additive
genetic variance (VA) to the total phenotypic variance
(VP): h2¼VA/VP. We assessed the significance of the
additive genetic component of each model by comparing
the full model with a reduced model lacking the additive
genetic component using a likelihood ratio test (follow-
ing a w2 distribution, change in df between models¼ 1)
(see Wilson et al, 2005).
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Genetic covariances – We used a multivariate animal
model to calculate the genetic correlation among traits
within and among sexes, and within and among ages.
The same fixed and random effects used for heritability
estimation were used in these analyses. We assessed
genetic covariances in models containing two traits at
a time (pairwise comparisons) because more complex
models would not converge. We assessed genetic
correlation among traits for which heritability estimates
were not significant because large standard errors rather
than small amounts of additive genetic variance ex-
plained the lack of significance for most traits. A
meaningful role for additive genetic variance and
covariance remained in these cases (the one exception
being age of peak mass gain in males, for which there
appeared to be almost no additive genetic variance, see
Results). Genetic correlations were calculated as

rG ¼ CovAB=
ffiffiffiffiffiffiffiffiffiffiffiffiffi
VAVB

p

Standard errors for heritabilities and genetic correlations
were computed using the program ASReml. To deter-
mine whether including the genetic covariance signifi-
cantly improved model fit, we used likelihood ratio tests
to compare the models containing the genetic covariance
component with reduced models in which the genetic
covariance was fixed at 0.

Results

Phenotypic patterns of growth – Growth curves differed
between the sexes, with males showing more rapid
growth and a longer duration of growth than females
(Figure 1). At 2 days after hatching, when the first
measurements were taken, male junglefowl were not
significantly heavier than females (following analyses

conducted with SAS 8.2, proc mixed, including brood
as random effect: F1,417¼ 1.2, P¼ 0.28; Table 1a) but
had significantly longer tarsi (F1,417¼ 28.4, Po0.0001;
Table 1a). At all subsequent ages, males had highly
significantly (F1,43394301.3, Po0.0001; Table 1a) greater
mass and longer tarsi than females. Females reached
their fastest growth rate before males for both mass and
tarsus length (F1,3374456.0, Po0.001; Figure 1, Table 1b).
Although males had a faster mass gain (steeper slope of
growth curve) at their peak than did females
(F1,337¼ 55.2, Po0.001; Figure 1a, Table 1b), the sexes
did not differ in the steepest slope of their tarsus growth
curves (F1,337¼ 0.55, P¼ 0.46; Figure 1b, Table 1b).

Parameter estimates for individual traits – For females,
at all ages examined mass and tarsus length were
heritable (Table 1a). This pattern was similar in males,
although for tarsus at age 0 and 9 weeks, and mass
at 9 weeks, the model containing an additive genetic
component did not perform significantly better than a
reduced model (Table 1a). For females, the two charac-
teristics of growth curves we examined, age at fastest
growth and steepest slope of the growth curve, were
heritable for both tarsus growth and mass gain, although
the additive genetic component did not significantly
improve model fit for the age of fastest mass gain
(Table 1b). For males, age at fastest mass gain showed
almost no additive genetic variance, and thus no
heritability (Table 1b). Although in males the other
growth rate traits had heritability estimates 40.23, these
were associated with large standard errors, and models
including these additive genetic effects were not sig-
nificantly better than reduced models without these
effects (Table 1b).

Genetic correlations – Within traits, we found positive
genetic correlations between the sexes for all models that
converged (Table 2). Within each sex, genetic variance
associated with mass or tarsus length was, for the most
part, positively genetically correlated with the genetic
variance influencing that trait at different ages (Table 3).
However, in male chicks the genetic variance influencing
mass and tarsus length at week 0 was not positively
correlated with the genetic variance influencing these
traits at later ages (Table 3). All other genetic correlations
among ages were positive (Table 3). We observed
positive genetic correlations between mass and tarsus
length at almost all ages for both sexes, though in some
cases, the model containing the genetic covariance
component did not significantly outperform a reduced
model (Table 4).

The steepest slope of the growth curve for mass was
significantly positively genetically correlated with the
week 26 mass for both males and females (Table 5).
However, mass is not truly asymptotic at week 26, and so
we cannot be sure growth rate genetically correlates with
final mass. A similar, but weaker trend for tarsus length
was unconvincing because of large standard errors and
poor performance of the models containing the genetic
covariance component in comparison with reduced
models (Table 5). We did not assess genetic covariance
involving the age at peak mass gain in males, because
this trait appeared to have almost no additive genetic
variance (Table 1). When we assessed age at peak mass
gain in females, and the age of peak tarsus growth in
males and females, we did not find good evidence of
genetic correlations with week 26 mass or tarsus length,

Figure 1 Growth curves (7SE at each point) for (a) mass and (b)
tarsus length for male and female red junglefowl in captivity. Males
showed faster growth and a longer period of growth than did
females.
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respectively (Table 5). Given the near total lack of a
phenotypic correlation between these traits (Table 5), the
lack of genetic correlation was likely.

Table 1 Sample sizes, phenotypic means, and estimates of variance components and heritability (h2) of (a) sexually dimorphic morphological
traits, and (b) growth rate parameters of these traits, in male and female red junglefowl

Traits N Mean (SE) VR VA VB h2 (SE)

(a)
Tarsus length (mm)

Females
Week 0 280 15.8 (0.05) 0.20 0.16 0.19 0.29 (0.171)*
Week 9 279 44.1 (0.20) 1.35 5.53 2.96 0.56 (0.179)***
Week 18 236 58.9 (0.20) 2.81 4.42 2.13 0.47 (0.182)**
Week 26 236 59.8 (0.19) 2.10 4.96 1.25 0.60 (0.167)***

Males
Week 0 241 16.1 (0.05) 0.28 0.10 0.13 0.20 (0.186)
Week 9 240 47.9 (0.20) 3.56 2.26 3.11 0.25 (0.194)
Week 18 206 69.6 (0.30) 8.24 4.26 1.68 0.30 (0.182)*
Week 26 206 71.7 (0.24) 5.55 5.78 0.64 0.48 (0.186)***

Mass (g)
Females

Week 0 280 22.1 (0.15) 0.53 2.78 1.53 0.57 (0.162)***
Week 9 279 283.2 (2.79) 253.19 882.42 877.58 0.44 (0.190)**
Week 18 236 586.2 (4.20) 1149.67 2590.66 560.43 0.60 (0.171)***
Week 26 236 705.0 (5.36) 680.40 4141.58 1832.77 0.62 (0.169)***

Males
Week 0 241 22.5 (0.15) 0.67 1.75 2.21 0.38 (0.184)**
Week 9 240 334.0 (3.23) 855.42 428.53 898.98 0.20 (0.200)
Week 18 206 778.2 (7.01) 4655.54 3270.32 1428.38 0.35 (0.211)*
Week 26 206 1008.2 (8.74) 4049.59 7583.63 3646.33 0.50 (0.239)**

(b)
Age (weeks) of peak growth rate

Female mass 235 10.5 (0.06) 0.32 0.27 0.28 0.31 (0.199)
Male mass 205 12.6 (0.10) 1.35 3� 10�5 0.70 0.00 (0.000)
Female tarsus 235 6.9 (0.04) 0.03 0.16 0.14 0.49 (0.191)**
Male tarsus 205 7.7 (0.04) 0.11 0.08 0.16 0.23 (0.189)

Steepest slope of growth
Female mass 235 3.9 (0.06) 0.14 1.19 0.14 0.40 (0.184)**
Male mass 205 4.3 (0.04) 0.27 0.16 0.20 0.26 (0.206)
Female tarsus 235 0.5 (0.01) 0.002 0.003 0.003 0.35 (0.196)*
Male tarsus 205 0.5 (0.01) 0.002 0.001 0.003 0.24 (0.210)

*Po0.10, **Po0.05, ***Po0.01; inclusion of the additive genetic component significantly increased model fit based on a likelihood ratio
test, df¼ 1.
Quantitative genetic estimates were generated with univariate animal models for male and female traits separately. Variance components
include residual variance (VR), additive genetic variance (VA), and variance attributable to brood effects (VB) (comparable to maternal effects
in this case).

Table 2 Genetic (rG) correlations (+SE) between male and female
values for mass and tarsus length at different ages, and for age of
peak growth and slope of growth at peak growth

Age Tarsus Mass

Week 0 0.97 (0.40) 0.82 (0.18)a

Week 9 0.95 (0.11)** 1.02 (0.06)**
Week 18 1.13 (0.11)** b

Week 26 b 1.10 (0.12)**
Age at peak growth 0.84 (0.17)* c

Slope at peak growth 0.94 (0.15)a 1.04 (0.09)**

*Po0.10, **Po0.01; inclusion of the genetic covariance significantly
increased model fit based on a likelihood ratio test, df¼ 1.
aReduced model did not converge, so fit of model including genetic
covariance could not be compared to reduced model.
bModel containing genetic covariance did not converge.
cAge of peak mass growth showed no additive genetic variance in
males, and so examining genetic correlations with this trait is not
appropriate.

Table 3 Genetic (rG) correlations (+SE) within morphological traits
between different ages in red junglefowl. Correlations within males
are above the diagonal and correlations within females are below
the diagonal

Trait and
age

Week 0 Week 9 Week 18 Week 26

Mass
Week 0 �0.11 (0.59) �0.17 (0.49) �0.32 (0.42)
Week 9 a 0.85 (0.16)b 1.04 (0.17)**
Week 18 0.79 (0.15)*** 0.96 (0.07)*** 0.73 (0.19)
Week 26 a 0.98 (0.11)*** 0.98 (0.04)***

Tarsus length
Week 0 �0.05 (0.69) �0.07 (0.64) �0.10 (0.56)
Week 9 1.08 (0.19)** 0.89 (0.17)* 0.81 (0.19)**
Week 18 0.84 (0.21)** 0.63 (0.16)* 0.95 (0.05)**
Week 26 0.81 (0.19)*** 0.67 (0.14)** a

*Po0.10, **Po0.05, ***Po0.01; inclusion of the genetic covariance
significantly increased model fit based on a likelihood ratio test,
df¼ 1.
aModel containing genetic covariance did not converge.
bReduced model did not converge, so fit of model including genetic
covariance could not be compared to reduced model.
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We failed to get model convergence for the genetic
correlation between growth parameters (age and slope
of steepest growth) for female tarsus length (Table 5).
For males, these growth parameters for tarsus length
were negatively genetically correlated with each other
(Table 5). However, the reduced model without the
genetic covariance component did not converge, so we
could not assess the relative effectiveness of the genetic
covariance model. The negative genetic correlation
indicates that genetic variance promoting an earlier peak
tarsus growth rate also promotes a faster peak tarsus
growth rate. We also observed a negative genetic
correlation between age and slope of steepest growth
for female mass, but this correlation was weaker, and the
model containing the genetic covariance component
did not significantly out perform the reduced model
(Table 5).

Finally, in female junglefowl we observed positive
genetic correlations between mass and tarsus length for
both the age of peak growth and the slope of peak
growth, although the model containing the genetic
covariance significantly outperformed the reduced
model only for slope (Table 5). In males, the genetic
correlation between the slopes of mass and tarsus growth
had large standard errors and the model containing the

genetic covariance component did not outperform the
reduced model (Table 5).

Discussion

For many trait measurements we examined, the variation
among individuals had a significant genetic component.
Throughout development, male and female mass and
tarsus length, and their patterns of growth, at least in
females, should be able to respond to selection. However,
we also observed many significant genetic correlations
among traits, between the sexes, and between the same
traits at different ages, indicating that the trajectory of
evolutionary responses of components of body size and
growth traits to selection will be influenced by the
selection acting on other correlated components of body
size and growth (Roff, 1997).

Despite distinct sexual size dimorphism, we found
significant genetic correlation between the sexes through-
out development. This is consistent with our previous
observation based on a larger sample of birds, but limited
to measurements from individuals that were approxi-
mately 6 months old (Parker and Garant, 2004). Thus, the
genetic variance responsible for mass gain and tarsus
growth in males has a high degree of overlap with the
genetic variance influencing mass gain and tarsus growth
in females. A few of our estimates of genetic correlation
between the sexes were greater than one. This may be
due to relatively small sample sizes resulting in increased
sampling variance. Although the precision of genetic
correlation estimates may have been reduced by such
effects, our conclusion that there are significant positive
genetic correlations between male and female body size
traits (and among traits within sex) is robust in light
of the significantly improved fit of models containing the
genetic covariance component in comparison with
reduced models in which that covariance was fixed
at one.

Genetic correlations in male chicks between measure-
ments taken at week 0 and measurements taken later

Table 4 Genetic (rG) correlations (+SE) between mass and tarsus
length at different ages in red junglefowl

Age Females Males

Week 0 0.67 (0.20)* 0.68 (0.27)
Week 9 0.98 (0.04)** 0.89 (0.13)
Week 18 0.72 (0.14)** 0.61 (0.24)
Week 26 0.75 (0.12)*** a

*Po0.10, **Po0.05, ***Po0.01; inclusion of the genetic covariance
significantly increased model fit based on a likelihood ratio test,
df¼ 1.
aModel containing genetic covariance did not converge.

Table 5 Genetic (rG) and phenotypic correlations among growth curve parameters for red junglefowl within each sex

Pairwise comparison Sex Phenotypic correlation Genetic correlation (SE)

Age of peak mass growth versus steepest slope of mass growth Females �0.78*** �0.56 (0.25)
Males �0.74*** a

Age of peak tarsus growth versus steepest slope of tarsus growth Females �0.90*** b

Males �0.84*** �0.81 (0.17)c

Age of peak mass growth versus age of peak tarsus growth Females 0.72*** 0.80 (0.13)
Males 0.60*** a

Steepest slope of mass growth versus steepest slope of tarsus growth Females 0.79*** 0.92 (0.07)**
Males 0.75*** 0.41 (0.46)

Age of peak mass growth versus mass at week 26 Females 0.01 0.10 (0.34)
Males 0.07 a

Age of peak tarsus growth versus tarsus length at week 26 Females �0.05 0.22 (0.28)
Males 0.08 0.44 (0.46)

Steepest slope of mass growth versus mass at week 26 Females 0.60*** 0.81 (0.18)**
Males 0.53*** 0.85 (0.26)*

Steepest slope of tarsus growth versus tarsus length at week 26 Females 0.41*** 0.31 (0.28)
Males 0.38*** 0.24 (0.42)

*Po0.10, **Po0.05, ***Po0.01; based on two-tailed test for phenotypic correlations and based on likelihood ratio tests for model fit of genetic
covariance.
aAge of peak mass growth showed no additive genetic variance in males, and so examining genetic correlations with this trait is not
appropriate.
bModel containing genetic covariance did not converge.
cReduced model did not converge, so fit of model including genetic covariance could not be compared to reduced model.
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were all negative, although with very large standard
errors indicating a lack of any real genetic correlation,
negative or positive. This may appear inconsistent
with the positive genetic correlations between week 0
male and female values because female traits
were (where models converged) positively correlated
with each other and with older male traits that were
not positively correlated with male week 0 traits.
However, the genetic correlation between male and
female week 0 tarsus length did not significantly
improve the fit of the model, and the genetic correlation
between male and female week 0 mass could not be
tested for significance because the reduced model did
not converge. Also, because of large standard errors,
some of these correlations are indistinguishable from
moderate values, and so are not inconsistent with the
apparent absence of positive genetic correlation between
week 0 and later measurements in males. As just
mentioned, in females we observed strong positive
genetic correlations between week 0 measurements
and measurements taken when older. This difference
between males and females in the tendency for genetic
correlation between early and later trait values may
result from a strong influence of maternal genes
on hatching size for both male and female chicks,
as mediated through a genetic correlation between
maternal mass and egg size (unpublished data).
As found by Price and Grant (1985), recently hatched
chicks resembled their mothers more than their fathers in
body mass. In parent–offspring regressions (unpublished
data), we found that mothers’ mass at week 0 predicted
both daughters’ and sons’ week 0 mass, but that fathers’
week 0 mass did not predict the week 0 mass of
either sons or daughters. However, the lack of genetic
correlation between week 0 and later measurements
for tarsus length in males does not appear consistent
with this explanation. Neither maternal nor paternal
week 0 tarsus lengths were good predictors of son or
daughter week 0 tarsus lengths in parent–offspring
regressions.

As we observed in red junglefowl, heavily selected
lines of domestic chickens show high genetic correlations
between the sexes, a decrease in maternal effects with
age, and genetic correlations among growth curve traits
(Mignon-Grasteau et al, 1999). Although artificial selec-
tion does not seem to have had major effects on
quantitative genetic architecture, we do see phenotypic
changes in ontogeny. Commercial domestic lines have
body mass multiple times that found in junglefowl
(Parker and Garant, 2004), and this is associated with a
longer period of growth. However, the age at which peak
growth rate is reached is also generally younger, often by
several weeks, in domestic chickens than in junglefowl
(Mignon-Grasteau et al, 1999). Thus, artificial selection
has speeded up the onset of rapid growth and increased
the duration of growth.

In conclusions, our analyses demonstrate that in red
junglefowl, many size and growth measurements of
sexually size dimorphic traits are not only heritable
throughout ontogeny, but also generally are genetically
correlated with each other. Much of the genetic variance
in these traits appears to be part of a pool of genetic
variance determining body size in both males and
females. Our estimates of aspects of genetic variance
and covariance are improved over those from traditional

quantitative genetics analyses by our use of REML
animal models (Kruuk, 2004). However, we still
failed to acquire model convergence in some cases.
Further studies using larger pedigree and alternative
statistical methods not yet widely adopted by evolu-
tionary biologists (eg random regression models; Meyer,
2004) should improve model convergence and thus
broaden our understanding of genetic components of
ontogeny.
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