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Abstract.—Sexual size dimorphism of adults proximately results from a combination of sexually dimorphic growth
patterns and selection on growing individuals. Yet, most studies of the evolution of dimorphism have focused on
correlates of only adult morphologies. Here we examined the ontogeny of sexual size dimorphism in an isolated
population of the house finch (Carpodacus mexicanus). Sexes differed in growth rates and growth duration; in most
traits, females grew faster than males, but males grew for alonger period. Sexual dimorphism in bill traits (bill length,
width, depth) and in body traits (wing, tarsus, and tail length; mass) developed during different periods of ontogeny.
Growth of bill traits was most different between sexes during the juvenile period (after leaving the nest), whereas
growth of body traits was most sexually dimorphic during the first few days after hatching. Postgrowth selection on
juveniles strongly influenced sexual dimorphism in all traits; in some traits, this selection canceled or reversed
dimorphism patterns produced by growth differences between sexes. The net result was that adult sexual dimorphism,
to a large degree, was an outcome of selection for survival during juvenile stages. We suggest that previously
documented fast and extensive divergence of house finch populations in sexual size dimorphism may be partially

produced by distinct environmental conditions during growth in these populations.
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Sexual size dimorphism is a widespread phenomenon and
is commonly regarded as an outcome of sex-specific patterns
of current sexual and natural selection (Darwin 1871; Ralls
1976; Lande 1980; Payne 1984; Slatkin 1984; Arak 1988;
Shine 1989; Moore 1990; Fairbairn 1997; reviewed in An-
dersson 1994). Traditionally, studies of the evolution of di-
morphism focused on variation in adult sexual dimorphism
and examined its ecological, behavioral, and phylogenetic
correlates (e.g., Earhart and Johnson 1970; Howard 1981,
Leutenegger and Cheverud 1982; Cheverud et a. 1985; Ris-
ing 1987; Bjorklund 1991; Webster 1992; Rogers and Mu-
kherjee 1992; Lindenfors and Tullberg 1998). Indeed, close
concordance between current environmental conditions and
degree of dimorphism is often documented (e.g., Weather-
head et al. 1987; Webster 1992; Powell and King 1997; Wi-
kelski and Trillmich 1997; Masterson and Hartwig 1998; Fer-
guson and Fairbairn 1999; reviewed in Badyaev and Hill
1999).

Although this approach provides important information on
how sexual dimorphism varies across taxa, it is less satis-
factory for revealing the mechanisms underlying the evolu-
tion of sexual dimorphism within taxa. This is because the
sexual size dimorphism of adultsis aresult of an often long
growth period during which sexually dimorphic growth and
maturation patterns are themselves the subject of selection
(e.g., Hirnaux 1968; Clutton-Brock et al. 1985; Shea 1986;
Leigh 1995; Stamps and Krishnan 1997; Post et al. 1999).
Thus, observed adult sexual dimorphism is strongly influ-
enced by the interaction between the ontogeny of sexual di-
morphism and selection on juvenile morphology (e.g., Hall
1978; Leigh 1995; Masterson and L eutenegger 1992; Richts-
meier et al. 1993; Leigh and Shea 1996; Merila et al. 1997).
As aresult, variation in adult sexual dimorphism can be due
to very different evolutionary forces (Wiley 1974; Jarman
1983; Shea 1986; Cheverud et al. 1992; Cooch et al. 1996;
Leigh and Shea 1996). This problem is illustrated by ex-

amples of the discordance between selection on adult di-
morphism and the degree of dimorphism (e.g., strong selec-
tion for larger male size in species where males are smaller;
Ralls 1976; Arak 1988; Fairbairn and Preziosi 1996; see also
Larsson et al. 1998) and by observations that similar levels
of sexual dimorphism can be produced by different onto-
genetic processes (Wiley 1974; Jarman 1983; Shea 1986;
German and Meyers 1989; Cheverud et al. 1992). Therefore,
the studies that combine investigations of both the ontogeny
of sexual size dimorphism and selection during ontogeny
should be especially informative about evolutionary path-
ways of dimorphism change (e.g., Leigh 1995; de Kogel
1997; Birkhead et al. 1999; Post et al. 1999). Y et, such studies
are rare.

Ontogenetic variation in sexual dimorphism can result in
adult dimorphism in two general ways. First, sexes can differ
in growth patterns, such as size at birth, growth rates, phe-
notypic and genetic variation in growth patterns (and related
differential sensitivity to environmental conditions during
growth), and duration of growth (e.g., Gould 1977; Richter
1983; Shea 1985, 1986; Stamps 1990; Teather and Weath-
erhead 1994; Stamps and Krishnan 1997; Smith and Leigh
1998). In birds, which are the focus of this study, even in
some of the most dimorphic species, the sexes do not differ
in size at hatching (Teather 1989; Burke 1992; but see Mead
et al. 1987). Frequently documented differences between sex-
es in sensitivity to environmental conditions during growth
(Richter 1983; Clutton-Brock et al. 1985; Stinson 1985; Lind-
strom 1999), in birds, seem to be related mostly to size dif-
ference between sexes (see below; Teather and Weatherhead
1988, 1994; Sheldon et al. 1998) and not to sex per se. At
the same time, sexual dimorphism in growth rates and growth
duration is frequently documented in birds (reviewed in
Teather and Weatherhead 1994). Second, sexes can be subject
to different selection pressures as juveniles (Gebhardt-Hen-
rich and Marks 1993; Leigh 1995; Merila et al. 1997; re-
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viewed in Stamps 1990). Differential selection pressures can
be related to differences between sexesin size during growth,
such that environmental conditions during growth can have
differential effects on the smaller or larger sex (Wegge 1980;
Lindén 1981; Fialaand Congdon 1983; Richter 1983; Ragskaft
and Slagsvold 1985; Weatherhead and Teather 1991; Sheldon
et al. 1998; Krijgsveld et al. 1999). In addition, each sex may
experience different selective environments during late on-
togeny, when males and females engage in different activi-
ties, or when young birds compete with other juveniles in
population (Shreeve 1977; Wegge 1980; Hochachka and
Smith 1991; Lindén et al. 1992; Gowaty 1993; see also
Stamps 1990 and references therein). Frequently documented
extensive mortality of young individuals (reviewed in Rick-
lefs et al. 1998) suggests that viability selection before ma-
turity strongly influences adult morphology (e.g., Merila et
al. 1997; see also Stamps and Krishnan 1997). In birds, where
competition among siblings and the environment created by
parents can strongly influence individual growth patterns
(e.g., Bortolotti 1986; Stamps 1990; Ricklefs et al. 1998;
Schew and Ricklefs 1998), adaptive adjustment of offspring
sex ratio and sex-biased provisioning of nestlings by parents
may provide an additional source of sexually dimorphic se-
lection pressures (e.g., Richter 1983; Stamps 1990; Gowaty
1991; Weatherhead and Teather 1991; Cooch et al. 1997,
Merila et al. 1997).

Investigations of the ontogeny of sexual size dimorphism
and especially of selection on juvenile dimorphism in natural
populations are difficult for several reasons. First, in cross-
sectional population studies, it is often difficult to separate
sexually dimorphic patterns of growth and sexually dimor-
phic patterns of selection (e.g., Cooch et al. 1996; Sheldon
et al. 1998). Second, selection on juvenile morphology is
difficult to evaluate because of extensive and sex-biased natal
dispersal. Finally, especially in birds, it is often difficult to
phenotypically sex young individuals, which results in un-
derestimation of selection during early ontogeny (Merila et
al. 1997, 1998). As a result, most of our knowledge about
selection on juvenile sexual size dimorphism comes from
studies of mammalian species (especially primates), where
prolonged ontogeny and detailed knowledge of social orga-
nization of juveniles has allowed examination of behavioral,
social, and ecological correlates of juvenile sexual dimor-
phism (e.g., Hirnaux 1968; Jarman 1983; Georgiadis 1985;
Shea 1986; Leigh 1995; Leigh and Shea 1996; Post et al.
1999), and more generally, from the studies of animals in
which growth continues past sexual maturation (reviewed in
Stamps 1993).

The recent colonization of ecologically distinct areas in
North America by the house finch (Carpodacus mexicanus)
has been accompanied by strong population divergence in
sexual size dimorphism (Badyaev and Hill 2000). In a long-
term study of recently established populations in Alabama,
Michigan, and Montana, we showed that, in adult finches,
current net selection for sexual size dimorphism was highly
concordant with observed sexual dimorphism (Badyaev and
Martin 2000a, Badyaev et al. 2000). We suggested that this
concordance was enabled by moderate heritabilities of sex-
ually dimorphic traits and low phenotypic and genetic co-
variations among these traits during growth (Badyaev and
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Martin 2000b). However, to investigate mechanisms of evo-
lutionary change in size dimorphism in this species, it is
necessary to establish the developmental basis of dimorphism
change. In this paper, we use recent techniques for molecular
sex identification to examine the developmental basis of sex-
ual size dimorphism in an isolated population of the house
finch. First, we describe sex-specific patterns of growth and
evaluate the relative contribution of sexual dimorphism in
the growth rates and the age at growth cessation to sexual
dimorphism of juveniles. Second, we examine postgrowth
selection on male and female juvenile finches, and evaluate
the relative contribution of sexually dimorphic patterns of
growth and sexually dimorphic selection pressuresto the sex-
ual dimorphism of young house finches. Finally, we apply
insights from our knowledge of the developmental basis of
sexual size dimorphism to the problem of rapid divergence
in sexual size dimorphism among recently established house
finch populations.

METHODS
General Methods and Measurements

The house finch is asmall passerine bird, native to western
North America. Since 1995, we have studied alarge, resident
population of this species that occupies an isolated area of
suitable nesting habitat in northwestern Montana (USA). The
population was established 20-30 years ago by natural ex-
pansion of the house finch historical range (Hill 1993; Bad-
yaev and Hill 2000). The study site is located in an open
field and contains several hundred 2-m high ornamental bush-
es used by finches for nesting and several large coniferous
trees used by finches for roosting. Within the study site, we
maintained three large feeding stations that are used contin-
uously by finchesthroughout ayear. All resident finches were
trapped during January—March and August—October, mea-
sured, and marked with a unique combination of one alu-
minum and three colored plastic rings. All pairing and nesting
affiliations of breeding adults were determined reliably (for
detailed description of field techniques, see Badyaev and
Martin 2000a). Hatching was monitored continuously and
nestlings were individually marked within few hours of
hatching.

In 1995-1999 we measured (with Mitutoyo calipers to an
accuracy of 0.02 mm): bill length from the angle of the skull
to the tip of the upper mandible; bill width at the anterior
end of nostrils; bill depth in a vertical plane at the anterior
end of the nostrils over both mandibles; tarsus length (left
and right); tail length; wing length (left and right, flattened);
and body mass (with Pesola balance, to an accuracy of 0.01
0). All morphological measureswere repeated twice(i.e., four
times for the bilateral traits), and the average of repeated
measures was used for further analyses. All birds were mea-
sured by the same person. Error variance did not exceed 12%
of the total variance and was the largest for bill width and
depth (6-12%) and smallest for body mass, wing and tarsus
(3—4%,; for details, see Badyaev and Martin 2000b).

For the analyses of sexual dimorphism in growth, we only
used nestlings that were measured throughout the entire
growth period (45 males and 69 females). Sixteen male and
26 female nestlings were measured every second day starting
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Fic. 1. Growth curves for bill length (Ieft) and wing length (right). Spline curves are shown for males (upper), females (middle), and

both sexes (lower; females, dashed line).

from day 1 (the day of hatching), the remaining 29 males
and 43 femal es were measured every second day starting from
day 2. After fledging at age 16 days (see below), all birds
from this subset were recaptured repeatedly, on average once
per 5-6 days until 100-120 days of age (e.g., at least once
during every designated growth interval, see below; Fig. 1,
for details, see Badyaev and Martin 2000b). The longitudinal
data and constant sample size of this dataset allowed us to
reliably determine the age of growth cessation for males and
females and to examine sexua dimorphism in growth rate.
Because sexual dimorphism in growth of a trait is not in-
dependent of dimorphism in other traits (Badyaev and Martin
2000b), we adjusted the probabilities of sex differences in
dimorphism in growth by the number of traits compared at
each age period. Individual male and female nestlings can
unequally contribute to sexual dimorphism across several age
groups. Thus, we used bootstraping (n = 300 runs) to estimate
significance of sexual dimorphism at every age (see below
e.g., Fig. 4).

For the analysis of viability selection on juvenile birds,
we used all available data on known-age birds (i.e., individ-
uals that were measured at longer or fewer intervals). These
individualswereincluded in calculations for age groups older
than 65 days (when growth in all traits is completed). Thus,
data for ages older than 65 were mixed-longitudinal (i.e.,
cross-sectionally pooled time-series data of individual
growth). Thisdatastructureisespecially appropriate for com-
parison of selection between groups (e.g., between males and

females). For parametric analyses (linear regression and AN-
COVA), al linear data were natural log-transformed, body
mass was cube-root transformed, and all datawere zero-mean
standardized. Hatch date has a strong influence on growth
patternsin birds (e.g., Bortolotti 1986; Price 1991), including
the development of phenotypic sexual dimorphism (e.g.,
Cooch et al. 1996). Such effects are often due to differences
in timing and duration of compensatory growth between early
and late broods (e.g., Larsson and Forslund 1991; Cooch et
al. 1997; Larsson et al. 1998). Thus, to control for effects of
hatch date, we only used nestlings from the first breeding
attempts hatched between mid-April and mid-May (Badyaev
and Martin 2000a).

Identification of Sex

No phenotypic indicators of sex exist for house finch nes-
tlings. Thus, sex of nestlings was determined by a molecular
sexing technique that amplifies an intron of the CHD1 genes
on the sex chromosomes of birds (Griffithset al. 1996, 1998).
In birds, the female is the heterogametic sex having one W
and one Z chromosome, whereas males have two Z chro-
mosomes. We used polymerase-chain-reaction (PCR) primers
P8 and P2, which anneal to conserved exonic regions and
amplify across an intron in both CHD1-W and CHD1-Z genes
(Griffiths et al. 1998). The length of the noncoding introns
differ between the CHD1-W and CHD1-Z genes with the
result that PCR products from males (one band) and females
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(two bands) are easily distinguished on an agarose gel (Grif-
fiths et al. 1998).

Each nestling was sampled for blood when 8 days old.
Blood samples of 15 L were taken from a puncture of the
brachial vein and stored in Queen’s lysis buffer (Seutin et
al. 1991) at 4°C. DNA was extracted from blood samples
using a5 M salt solution (Miller et al. 1988). PCR wascarried
out in atotal volume of 20 ml with the following final reaction
conditions: 50 mM KCI, 10 mM Tris-HCI pH 8.3, 1.5 mM
MgCl,, 200 mM of each dNTP, 200 ng of each primer, 0.5
U of Taq polymerase (AmpliTag DNA polymerase, Perkin-
Elmer, Norwalk, CT) and 50-200 ng of genomic DNA. PCR
amplifications were performed under the following thermal
cycling conditions: an initial denaturing step at 94°C for 2
min followed by 30 cycles of 94°C for 30 sec, 47°C for 45
sec, and 72°C for 45 sec. The program concluded with afinal
cycle of 48°C for 1 min and 72°C for 5 min. PCR products
were electrophoresed for 45-60 min at 10 V/cm in a 2%
NuSieve 3:1 agarose (FMC Corp., Rockland, ME) gel stained
with ethidium bromide. PCR products were visualized under
UV light and scored one band as male and two bands as
female. We verified this sexing technique for house finches
by amplifying the DNA of 20 different known-sex adults (10
males and 10 females). In all 20 cases, the molecular method
correctly identified the sex of these adults.

Growth Analysis

The growth data were analyzed in two steps. First, for each
sex we fitted a spline curve to the distribution of trait values
for each age (e.g., Cheverud et al. 1992). We calculated the
spline curve parameters with the program provided in Schlu-
ter (1989). We used spline curves to describe the differences
in growth between males and femal es and to identify periods
crucia in the ontogeny of sexua dimorphism. In the second
step, we used parametric linear regression and ANOVA to
test the effects of age, sex, and their interaction on growth
rates during the important ontogenetic periods identified in
the first step. Significant effect of interaction between age
and sex on a trait during a particular period of growth sug-
gests sexually dimorphic patterns of growth in this trait.

In the spline curve approach (after Schluter 1988, 1989)
we selected the growth function that, for n individuals, max-
imizes the log likelihood, log (f), such that:

log(f) = X log(X;; A, f) — mJ(f), D

where f is the growth function from a collection of individual
measurements X; at ages A;. Term n\J(f) is a penalty for the
roughness of regression, because maximizing the log like-
lihood without this penalty would result in the growth curve
passing through each data point. A, the smoothing parameter,
is a nonnegative constant and J(f) is the summed squared
curvature of the growth function f (Schluter 1988). Using the
algorithm provided in Schluter (1989), for growth in each
trait, we selected the value of \ with the maximum predictive
power computed using the method of cross-validation. This
was done by excluding, with replacement, all individualsin
turn for different values of \ (see Schluter 1988, 1989). Con-
fidence intervals for spline curves of sexual dimorphism on-
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togeny were calculated by bootstrapping (n = 300 runs;
Schluter 1989).

Use of nonparametric spline curves to describe growth has
several important advantages over existing parametric meth-
ods of growth estimation (see also Cheverud et al. 1992).
First, in fitting the growth trajectory, the spline curve ap-
proach is less sensitive to variation across the entire range
of ontogeny than are parametric methods (see also Kirkpa-
trick and Lofsvold 1989). For example, growth patterns are
strongly different between nestling stages and fledgling stag-
es (Badyaev and Martin 2000b) and fitting a single parametric
model to the entire growth sequence would bias estimates at
some ages, whereas the spline method provides greater ac-
curacy for each growth period. Thisfidelity to the actual data
at each age is especially important given the small magnitude
of sexual size dimorphism in the house finch. Second, the
spline curve model does not make any assumptions about the
shape of growth curves. In addition, spline curves allow dis-
crimination between dimorphism in growth rate and dimor-
phism in growth cessation, which is not possible with para-
metric growth models (Cheverud et al. 1992). Finally, with
large sample sizes, spline methods are less sensitive to out-
liers than parametric regressions. However, unlike standard
growth models, spline growth curves cannot be readily com-
pared across populations and species. Another disadvantage
is the assumption of a normal distribution of trait values for
each age and similar variance across ages (Schluter 1988).
Both assumptions were satisfied here with transformations of
raw data (see above). As with all regressions, spline curves
are less reliable at the limits of data distribution, that is, for
very early and very late ages.

We used parameters provided by the spline curve analysis
to estimate the contribution of sexual dimorphism in growth
rates and sexual dimorphism in age of growth cessation to
juvenile sexual dimorphism (Cheverud et al. 1992; Leigh
1992). In this approach, differences between predicted male
and female trait values were recorded for two ages: at female
growth cessation and at male growth cessation. If the male
growth period is longer for a particular trait, then the ratio
of the difference between the male and female at female
growth cessation age to the difference at male growth ces-
sation age will be a proportion of juvenile dimorphism due
to dimorphic growth rates (e.g., males grow faster than fe-
males). In the absence of selection (see below), theremaining
percentage of dimorphism is due to sex differences in the
age at growth cessation (i.e., males continue to grow after
females stop, sensu Cheverud et al. 1992).

Postgrowth Selection Analysis

Phenology of juvenile house finches in the Montana popu-
lation.—House finch nestlings leave the nest when 16 days
old (A. V. Badyaev, pers. obs.; see also Hill 1993). After
leaving the nest, broods stay together in the vicinity of the
nest. During the following two weeks (17-30 days of age)
most of the food for fledglings is provided by parents, most
often by the male. Typically, individual broods of three to
five nestlings follow a single parent around the study site
begging for food. By age 20-30 days, in addition to regur-
gitated food provided by parents, young birds forage on small
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seeds and on seed particles left by older birds. After age 25—
30 days, broods are no longer tended by parents, but typically
stay together until 40-50 days of age. By age 50-70 days,
most young birds hatched at the study site form small (15—
20 birds), single-sex flocks. Sex segregation during this pe-
riod is probably maintained by male aggression toward fe-
males—during this period, juvenile males are dominant to
juvenile females and commonly displace them from feeders
(A. V. Badyaev, L. A. Whittingham, and G. E. Hill, unpubl.
ms.; for similar findings in other cardueline finches, see
Shreeve 1977; Benkman 1997). A concurrent experimental
study showed that 50-80-day-old females strongly prefer
joining feeding groups of juvenile females and avoid feeding
groups of juvenile males. Juvenile males show no such dis-
crimination. After 100-110 days of age, single-sex flocks of
local finches begin to merge, forming large, late-summer
flocks (up to 5070 individuals). During the following month,
these flocks undertake wide movements, eventually leaving
the study site (A. V. Badyaev, pers. obs). The isolated |o-
cation of the study site and limited dispersal of local juveniles
before the formation of large, late-summer flocks provides
us with an opportunity to evaluate viability selection on
young birds.

Estimation of selection.—We assumed that the longitudinal
data used in this study accurately reflected change in cross-
sectional mean for the entire population, that is, that before
growth cessation, growth of morphological traits contributed
much more to changein cross-sectional population mean than
did selection. This assumption is likely to be valid because
during the course of this study we did not document any
morphology-dependent mortality of individual nestlings (A.
V. Badyaev, unpubl. data), whereas most mortality of young
birds takes place during the postgrowth period (see below;
see also Richner et al. 1989; Hochachka and Smith 1991,
Hill 1993; de Kogel 1997; Sheldon et al. 1998). Several in-
cidents of nestling mortality were due to sharp temperature
drops during late snow storms and involved entire broods.
There was no nest predation at the study site. In 1999; nest-
lings in three broods were killed by brown-headed cowbirds
(Molothrus ater). Mite infestation, that is a common cause
of nestling mortality in more southern populations of house
finches (G. E. Hill, pers. obs.) was not recorded in the Mon-
tana study site. Because data on growth termination used in
this study were from repeated measures of individual nest-
lings, any increase in mean in cross-section of data before
the completion of growth was caused by change dueto growth
and not by differential mortality of smaller sized individuals.
However, some selection undoubtedly takes place when
growing fledglings start to feed for themselves and compete
with conspecifics at feeders. More generally, the environ-
mental effects of early ontogeny are often expressed only
after anestling’sindependence from its parents (e.g., Richner
et al. 1989; de Kogel 1997; reviewed in Stamps 1990; Geb-
hardt-Henrich and Richner 1998). If selection before growth
completion was sexually dimorphic, our analyses are likely
to overestimate the contribution of sexual dimorphism in
growth to juvenile sexual dimorphism.

If one assumes constant variance and the absence of large
fluctuationsin sample size across agesin juveniles, then, after
termination of growth, any change in the estimated average
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of the spline curves for a particular age results from changes
in individual composition of a population during this age.
Changes in individual composition could come from mor-
phology-dependent mortality and/or morphology-related dis-
persal. Juvenile finches disperse in large late-summer flocks
(see above). Before the formation of these flocks, due to the
isolated location of the study site and dependency of young
birds on large feeding stations within the site, movements of
local juvenile finches are limited to the immediate vicinity
of the study site. It is possible that some of the cross-sectional
changes in postgrowth sexual dimorphism are due to mor-
phol ogy-dependent dispersal. However, most of the changes
in postgrowth dimorphism undoubtedly reflect local mortality
because the mgjority of local individuals do not disperse until
late summer. We selected age 105-115 days (age 110 here-
after) to estimate juvenile sexual dimorphism. This age is
suitable for two main reasons. First, by this age most finches
are in large and widely moving flocks and thus, this is the
latest time when our assumption of no dispersal is likely to
be valid. Second, spline curve estimations of both the mor-
phology of each sex and sexual dimorphism are less reliable
at later ages because relatively fewer birds are measured after
115 days of age.

Conventional standardized selection differentialswere cal-
culated for each trait as a difference in standardized values
between age at growth cessation and age 110, divided by a
square root of the before-selection (at age of growth cessa-
tion) variance. Standardized selection differentials were cal-
culated to facilitate comparisons between sexes for post-
growth selection and for comparison with survival selection
acting on adult finches in this population (Badyaev and Mar-
tin 2000a).

REsuLTS
Growth Patterns in Males and Females

Spline curvesfor growth of both sexes are shownin Figures
1 and 2 (for space consideration, original data for each sex
are shown for only bill length and wing length growth, Fig.
1). In both sexes, bill traits (bill length, width, and depth)
grew slower early in ontogeny than body traits (wing, tail,
and tarsus length and body mass). For all traits, except hill
depth and body mass, males grew for a longer time than
females (Table 1, Figs. 1, 2), and in both sexes, no growth
occurred after 6570 days of age. The percentage of sexual
dimorphism at growth cessation (hereafter SD1) due to sex
differences in growth rates and sex differences in the age of
growth cessation is shown in Table 1. For example, tarsus
length predicted from the spline curve at 14 days (the time
of female growth cessation) was 20.47 mm for males and
20.48 mm for females. At 17 days (when male growth stops),
the predicted values were 20.63 mm and 20.49 mm, respec-
tively. The ratio of the difference between sexes at day 14
to the difference at age 17 is the percentage of SD1 due to
differences in growth rates (7% in this case). The remainder
of SD1 results from sex differences in duration of growth
(i.e., 93% for dimorphism in tarsus length). With the excep-
tion of bill length and tarsus length, SD1 was mostly pro-
duced by sex differencesin growth rates (Table 1, see below).

Parametric tests of growth rate differences between the
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Fic. 2. Growth curves for (A) beak depth; (B) beak width; (C) tail length; (D) tarsus length; and (E) body mass. Spline curves are

shown for both sexes (females, dashed line).

TasLE 1. Ontogeny of sexual dimorphism in relation to sex-specific
patterns of growth. Shown are dimorphism in age of growth cessation,
duration of female growth as a percentage of male growth period, and
percent of dimorphism at growth cessation (SD1) dueto sex differences
in growth rates and in age at growth cessation.

% SDI due to

Age a growth Male/female

cessation growth Age at

duration Growth growth

Trait Male Femae ratio rate cessation
Bill length 57 44 1.30 5 95
Bill depth 57 64 0.93 100 0
Bill width 55 41 1.34 64 36
Wing length 43 32 1.34 90 10
Tail length 67 43 1.56 72 28
Tarsus length 17 14 1.20 7 93
Body mass! 54 61 0.88 100 0

1 Age of growth cessation for body mass was defined as the age when body
mass reaches that of adults for each sex.

sexes (Table 2) were conducted for four or five ontogenetic
periods defined by spline curves (Figs. 1, 2). The periods
were: early nestling growth (1-6 days), late nestling growth
(7-16), fledgling growth (17-27 days), juvenile female
growth (e.g., 27 days to age at female growth cessation), and
juvenile male growth (after female growth cessation to male
growth cessation; Table 2). For early maturing tarsus, we
also designated mid-nestling growth period. For bill traits,
most differences between the sexes were in juvenile growth
rates, whereas for body traits most differences were in nest-
ling growth rates (Table 2). With few exceptions, when sexes
differed in growth rates, females grew faster than males, but
males grew for a longer time than females (Table 2).

In bill length, females grew significantly faster than males
during the juvenile period (27—44 days; Table 2, Fig. 1).
During the remainder of ontogeny, the sexes did not differ
in growth rates of bill length; dimorphism in thistrait resulted
mostly from the sex difference in the age of growth cessation
(Table 2, Fig. 1). In contrast, in bill depth, females grew
faster than males during fledgling (17-27 days), malejuvenile
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TaBLE 2. Sexua dimorphism in growth rate in ontogeny of the house finch. Age categories are from spline curve analysis of the ontogeny
of each trait for 45 males and 69 females (growth cessation data are shown in Table 1). Bold P-values indicate significant sex differencesin
growth rate after Bonferroni correction for the number of morphological traits (n = 7).

Age category Intercept Growth rate Probability of growth
Trait (days) Sex (SE) (SE) rate dimorphism
Bill length 1-6 M 1.579 (0.039) 0.057 (0.009)
F 1.543 (0.040) 0.065 (0.009) 0.417
7-16 M 1.907 (0.023) 0.028 (0.002)
F 1.924 (0.026) 0.038 (0.002) 0.044
17-27 M 1.901 (0.061) 0.018 (0.002)
F 2.139 (0.044) 0.010 (0.002) 0.124
28-44 M 2.381 (0.108) —0.000 (0.004)
F 1.880 (0.107) 0.016 (0.004) 0.031
45-57 M 2.330 (0.075) 0.002 (0.002)
F 2.246 (0.106) 0.003 (0.002) 0.267
Bill depth 1-6 M 1.377 (0.020) 0.054 (0.005)
F 1.412 (0.024) 0.043 (0.005) 0.217
7-16 M 1.588 (0.027) 0.024 (0.002)
F 1.644 (0.029) 0.015 (0.002) 0.203
17-27 M 1.547 (0.061) 0.013 (0.002)
F 1.708 (0.082) 0.028 (0.002) 0.032
28-57 M 2.080 (0.053) 0.002 (0.001)
F 2.028 (0.025) 0.009 (0.001) 0.023
58-64 M 2.178 (0.151) —0.000 (0.002)
F 2.010 (0.072) 0.004 (0.001) 0.050
Bill width 1-6 M 1.634 (0.026) 0.037 (0.006)
F 1.578 (0.026) 0.048 (0.006) 0.028
7-16 M 1.840 (0.019) 0.010 (0.002)
F 1.832 (0.020) 0.016 (0.002) 0.004
17-27 M 2.008 (0.038) 0.003 (0.002)
F 1.857 (0.056) 0.008 (0.002) 0.068
28-41 M 2.173 (0.059) —0.002 (0.002)
F 1.687 (0.113) 0.009 (0.003) 0.097
42-55 M 2.027 (0.051) 0.004 (0.001)
F 2.011 (0.052) 0.001 (0.001) 0.042
Wing length 1-6 M 1.743 (0.080) 0.215 (0.019)
F 1.662 (0.072) 0.229 (0.016) 0.001
7-16 M 2.983 (0.066) 0.071 (0.006)
F 3.014 (0.051) 0.065 (0.005) 0.012
17-32 M 3.909 (0.062) 0.017 (0.003)
F 3.911 (0.046) 0.014 (0.002) 0.060
33-44 M 4.216 (0.045) 0.008 (0.001)
F 4.274 (0.066) 0.001 (0.002) 0.021
Tail length 7-16 M 2.097 (0.172) 0.080 (0.014)
F 2.025 (0.129) 0.092 (0.010) 0.031
17-27 M 3.254 (0.141) 0.028 (0.006)
F 3.274 (0.085) 0.027 (0.003) 0.067
28-43 M 4.067 (0.078) 0.002 (0.002)
F 3.874 (0.102) 0.010 (0.003) 0.041
44-67 M 4.136 (0.035) 0.003 (0.001)
F 4.047 (0.047) 0.001 (0.001) 0.062
Tarsus length 1-4 M 2.073 (0.074) 0.136 (0.023)
F 2.010 (0.102) 0.161 (0.033) 0.047
59 M 2.547 (0.049) 0.053 (0.006)
F 2.568 (0.057) 0.047 (0.008) <0.001
10-14 M 2.899 (0.051) 0.012 (0.004)
F 2.897 (0.031) 0.012 (0.003) 0.917
15-17 M 2.999 (0.056) 0.004 (0.003)
F 3.076 (0.059) —0.000 (0.004) 0.314
Body mass 1-6 M 1.391 (0.066) 0.170 (0.015)
F 1.069 (0.081) 0.279 (0.018) 0.003
7-16 M 2.607 (0.048) 0.023 (0.004)
F 2.541 (0.044) 0.051 (0.004) <0.001
17-32 M 2.916 (0.078) 0.003 (0.003)
F 2.818 (0.048) 0.006 (0.002) 0.872
33-54 M 3.027 (0.043) 0.001 (0.001)
F 3.113 (0.052) —0.001 (0.001) 0.738
55-61 M 3.139 (0.111) —0.000 (0.002)
F 3.121 (0.194) —0.001 (0.003) 0.085
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period (27-54 days), and female juvenile period (57-64
days), athough the difference was statistically significant
only during the 27-57-day period (Table 2, Fig. 2). Most of
the SD1 in this trait results from sexually dimorphic growth
rates (Table 2). In bill width, growth rates were sexually
dimorphic during nestling stage; females grew faster than
males during early and, especially, late nestling periods (1—
16 days; Table 2, Fig. 2). Inthistrait, females tended to grow
faster than males during the rest of the ontogeny until the
cessation of their growth at age 41 days. Dimorphism in this
trait resulted mostly from growth rate differences before fe-
male growth cessation and, to a lesser degree, from alonger
male growth period (Tables 1, 2; Fig. 2).

In body traits, the sexes were most different in growth
during the nestling period (Table 2). For example, in wing
and tarsus length, femal es grew faster than males during early
nestling period (1-6 days for wing and 1-4 days for tarsus),
but males grew faster later in the nestling period (7—16 days
for wing and 5-9 days for tarsus; Table 2, Fig. 2). In both
traits, males continued to grow after female growth ceased
(Table 2). In tail length, the sexes tended to differ in growth
rates throughout ontogeny (Fig. 2, Table 2). Thesedifferences
reached statistical significance during the late nestling period
(7-16 days), when females grew faster than males. Males
continued to grow long after females ceased their growth,
thus both growth rate dimorphism and dimorphism in age at
growth cessation contributed significantly to dimorphism in
tail length (Tables 1, 2; Fig. 2). In body mass, females grew
faster during the entire nestling period, but after fledging
body mass growth was variable and did not differ between
the sexes (Table 2, Fig. 2).

Overall, the sexes differed in both growth rates and du-
ration of growth, with females typically growing faster than
males, but males continuing to grow after female growth had
ceased. In most bill traits, the sexes were most distinct in
growth during the juvenile period, whereas in body traits
growth of sexes differed the most during the early nestling
period.

Ontogeny of Sexual Dimorphism

Spline curves for ontogenetic changes in sexual dimor-
phism and their corresponding confidenceintervalsare shown
in Figures 3 and 4. A significant change in sexual dimorphism
after growth cessation (shown by arrows in Figs. 3, 4) in-
dicates change due to viability selection or, less likely, due
to morphology-specific emigration from the study site (see
Methods for discussion).

Sexual dimorphism at age 110-days (SD2 hereafter, see
Methods for justification of age) was strongly different from
SD1 (Table 3). For example, fledgling females had longer
tarsi than males, but 110-day-old juvenile males had longer
tarsi than females (Table 3). Using estimations of spline
growth curves for sexua dimorphism (Figs. 3, 4), we can
roughly measure the change in SD1 between age of growth
cessation and age of 110 days, and thus estimate contributions
of growth dimorphism (SD1) and postgrowth selection to
SD2 (Table 3). For example, in bill length, SD1 was 0.18
mm and SD2 was 0.23 mm. Following growth cessation di-
morphism decreased and reached its minimum, 0.05 mm (or
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Fic. 3. Sexua dimorphism (male — female) for bill traits in re-
lation to age (days) in the house finch. Arrowsindicate age at growth
termination for males (black) and females (white). Confidence in-
tervals are calculated by bootstrapping (n = 300).

78% reduction of SD1), at age 90 (Fig. 3, Table 3). Thus,
the contribution of SD1 to SD2 is 0.05/0.23, or 21%, and the
rest is due to a change in dimorphism influenced by post-
growth viability selection (Table 4). Postgrowth selection
accounts for al SD2 in bill width and tarsus length and most
of SD2 in bill length and body mass. Sexual dimorphism in
growth rates contributes strongly to SD2 in bill depth and
wing and tail length (Table 3).

For example, in bill length, dimorphism decreased follow-
ing growth cessation (Fig. 4), due to strong selection for
shorter bills in males (Fig. 1: 6570 days; Table 4). An in-
crease in dimorphism after age 90 (Fig. 3) was mostly due
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Fic. 4. Sexual dimorphism (male — female) for body traits in relation to age (days) in the house finch. Arrows indicate age at growth
termination for males (black) and females (white). Confidence intervals are calculated by bootstrapping, (n = 300).

to selection for shorter bills in females (Fig. 1, Table 4). It
is possible that a small portion of the postgrowth decrease
in bill length in both sexes was due to wear of the bill sheath;
however, it would be unlikely to account for the degree of
sexual dimorphism in bill length found here. In bill depth,
SD1 and SD2 were similar (Table 3), and increase in di-
morphism was due to selection on both sexes after age 85
(Fig. 2, Table 4). In bill width, following growth cessation,
there was strong selection for a decrease in males, but an
increase in females (Fig. 2, Table 4). Thus, in this trait, the
dimorphism produced by growth patterns was largely can-
celed by strong sexually dimorphic selection on juvenile

finches; the dimorphism in bill width was reversed in the
population at about 85-95 days (Figs. 2, 3). For this trait,
SD2 was due mostly to changes favored by selection oper-
ating on both sexes after age 95-100 days (Fig. 2). In wing
and tail length, the level of sexual dimorphism produced as
a result of growth differences was maintained until age 80—
90 days (Figs. 1, 2, 4), after which there was a significant
increase in dimorphism favored by strong sel ection for longer
wings in males and less intense selection for shorter wings
in females (Table 4, Fig. 4). In tarsus, postgrowth selection
favored an increase in males and a decrease in females. Se-
lection was especially intense during 17-50 days of age and

TaBLE 3. Ontogeny of sexual dimorphism in relation to sex-specific patterns of selection. SD1, sexual dimorphism at growth cessation (~65
days for most traits; this is dimorphism resulting from sexually dimorphic growth patterns); SD2, sexua dimorphism at 110 days of age
(dimorphism resulting from a combination of sexually dimorphic growth patterns and viability selection on juvenile males and females). Shown

are mean (min; max) values.

% of SD2 due to dimorphism in

Postgrowth

Trait SD1 (65 days) SD2 (110 days) Growth (SD1) selection
Bill length 0.182 (0.148; 0.259) 0.233 (0.185; 0.339) 21 79
Bill depth 0.159 (0.135; 0.188) 0.161 (0.129; 0.183) 63 37
Bill width 0.212 (0.189; 0.244) 0.062 (0.027; 0.117) 0 100
Wing length 1.804 (1.549; 2.236) 3.014 (2.593; 3.699) 65 35
Tail Tength 1.371 (1.089; 1.871) 1.27 (0.613; 1.613) 68 32
Tarsus length —0.197 (—0.290; —0.147) 0.212 (0.110; 0.363) 0 100
Body mass 1.036 (0.945; 1.281) 1.259 (1.175; 1.718) 40 60
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TABLE 4. Viability selection on juvenile house finches. Shown is morphology (mean [SD]) of males and females at growth cessation (65 days,
before) and at 110 days of age (after), and standardized selection differentials (mean, in SD) for survival from age 65 days to age 110 days.
Bold indicates selection differentials that are significantly different from zero.

Males Females
Before After Before After

Trait (n = 66) (n=27) (n = 76) (n = 36) Suaces Seemaces
Bill length 10.58 (0.10) 10.34 (0.13) 10.19 (0.15) 10.09 (0.09) —-0.54 -0.13
Bill depth 7.74 (0.09) 7.83 (0.06) 7.46 (0.04) 7.56 (0.05) +0.23 +0.51
Bill width 7.28 (0.06) 7.16 (0.04) 6.97 (0.05) 7.06 (0.05) -0.47 4+0.35
Wing length 78.77 (0.47) 80.11 (0.19) 76.65 (0.33) 76.52 (0.34) +0.79 -0.10
Tail length 61.90 (0.52) 62.81 (0.55) 61.46 (0.48) 60.76 (0.52) +0.43 -0.32
Tarsus length 20.40 (0.04) 20.52 (0.14) 20.63 (0.12) 20.62 (0.15) +0.25 —-0.03
Body mass 21.93 (0.24) 22.05 (0.27) 20.72 (0.38) 20.93 (0.30) +0.09 +0.16

after 85-90 days (Fig. 4). SD2 in body mass was affected
strongly by postgrowth selection on both sexes, however
body mass widely fluctuated in both sexes (Figs. 2, 4).
Overall, postgrowth selection strongly influenced juvenile
dimorphism in all traits. In some traits, the selection canceled
out the dimorphism produced by sex differences in growth
patterns. Postgrowth selection operated on both sexes, but,
for most traits, selection was the strongest on male mor-

phology.

Discussion

Detailed knowledge of ontogenetic variation is essential
for understanding the pathways of evolutionary change in a
population (Gould 1977; Alberch et al. 1979; Price and Grant
1985; German and Meyers 1989; Kirkpatrick and Lofsvold
1992; Grant and Grant 1995). However, until recently, studies
of evolution of sexual size dimorphism have mostly focused
on variation in adult morphologies (e.g., Downhower 1976;
Johnstone and Fleisher 1981; Leutenegger and Cheverud
1982; Rising 1987; Bjorklund and Lindén 1993). At the same
time, adult sexual dimorphism results from interaction of
sexually dimorphic growth patterns and selection during
growth (e.g., Richter 1983; Shea 1986; Slagsvold et al. 1986;
Richner et al. 1989; Leigh 1992). Thus, sexual dimorphism
of adults can reflect selection pressures during ontogeny, and
these sel ection pressures may not be similar to selection pres-
sures acting on adults (Ralls 1976; Jarman 1983; Price and
Grant 1984; Schluter and Smith 1986; Leigh 1992, 1995;
Merila et al. 1997; Larsson et al. 1998; Post et al. 1999;
reviewed in Schluter et al. 1991). Moreover, similar levels
of adult sexual dimorphism, both within and among species,
can be produced by different processes operating during on-
togeny (Wiley 1974; Jarman 1983; Georgiadis 1985; Shea
1986; Gebhardt-Henrich 1992; Reeve and Fairbairn 1996)
and therefore may reflect different evolutionary history (Zeng
1988; German and Meyers 1989). Thus, studies that address
the contribution of sexually dimorphic patterns of growth and
sexually dimorphic selection during growth to adult dimor-
phism are especially informative (Shea 1986; L eigh and Shea
1996; Merila et al. 1997; Stamps and Krishnan 1997).

Our study of the developmental basis of sexual size di-
morphism in the house finch has produced three important
results. First, the sexes differed in both growth rates and
growth duration; in most traits, females grew faster than
males, but males grew for a longer period (Table 1, Figs. 1,

2). Second, development of sexual dimorphism in bill traits
(bill length, width, depth) and body traits (wing, tail, and
tarsus length and mass) occurred at different times during
ontogeny. Growth of bill traits was most different between
sexes during the juvenile period (after leaving the nest),
whereas growth of body traits was most sexually dimorphic
during the first few days after hatching (Table 2). Third,
postgrowth selection on juveniles strongly influenced sexual
dimorphism in all traits and, in some traits, this selection
canceled or reversed dimorphism patterns produced by the
growth differences between sexes (Tables 3, 4; Figs. 3, 4).
To understand the potential mechanisms behind the variation
in sexual size dimorphism in the house finch, we need to
address the ecological and evolutionary causes and conse-
guences of growth and selection patterns documented in this
study.

Male and female house finches differed in growth rates
and growth duration (Table 2, Figs. 1, 2). This dimorphism
can represent either adaptive modifications of sex-specific
growth patterns for conditions during growth (reviewed in
Gebhardt-Henrich and Richner 1998; Schew and Ricklefs
1998) or correlated response to selection acting on adult di-
morphism (e.g., Grant 1981; Price and Grant 1985; Reeve
and Fairbairn 1996; Smith and Leigh 1998). When sexes
differed in growth rates, females (the smaller sex) usually
grew faster (Table 2). Theseresults corroborate previousfind-
ings that, in altricial birds, the smaller sex often grows faster
in both structural size and feather growth (e.g., Richter 1983;
but see Richner 1991, reviewed in Teather and Weatherhead
1994). Rapid growth of the smaller sex may be advantageous
in competition with larger siblings of the opposite sex (e.g.,
Werschkul and Jackson 1979; Gebhardt-Henrich and Richner
1998; reviewed in Stamps 1990). Preliminary data from two
house finch populations suggest that parents do not discrim-
inate among nestlings in provisioning rates or provisioning
volume (A. V. Badyaev and G. E. Hill, pers. obs.), and sibling
competition does not seem to mediate access to food. In the
house finch, as in other cardueline finches (e.g., Badyaev
1997a), during parents’ visitations to the nest all nestlings
arefed and all nestlings receive an approximately equal num-
ber of food portions. In the absence of strong compensatory
growth during the nestling period, this pattern of provisioning
is reflected in parallel growth curves for all nestlings within
a brood, which are characteristic for cardueline finches (Bad-
yaev 1993, 1994; Bjorklund 1993, 1994). As a result, size
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differences among hatchlings are maintained to fledging.
However, in contrast to other studied cardueline finches,
house finches show awidespread occurrence of compensatory
growth during nestling period, when smaller nestlings ac-
celerate their growth during early ontogeny (Badyaev and
Martin 2000b). This compensatory growth of size-related
traits (e.g., wing, tarsus) by smaller nestlings (typically fe-
males) may enable successful simultaneous fledging of an
entire brood. In addition, it is possible that faster structural
and body mass growth of female nestlings enables them to
achieve greater agility or accumulate larger fat deposits by
postfledgling stages, thereby allowing more successful com-
petition with juvenile males (reviewed in Stamps 1990). In
house finches, as in many other passerines, juvenile females
are subdominant to juvenile males (see below). Slow growth
of the larger sex may be adaptive during periods of low food
availability (Reskaft and Slagsvold 1985; Slagsvold et al.
1986; Teather and Weatherhead 1988; Schew and Ricklefs
1998). Finally, dimorphism in growth rates may be an al-
lometric consequence of dimorphism in adult sizes (Ricklefs
1968; Teather and Weatherhead 1994). However, despite a
small degree of adult dimorphism, male and female finches
differ not only in growth rates, but also in the periods of
most intense growth (i.e., in growth trajectory shape), thus
making the last explanation less likely.

Dimorphism in growth patterns could be a correlated re-
sponse to divergent selection on adult males and femalesin
this population (Badyaev and Martin 2000a, see also Grant
1981; Price and Grant 1985; Reeve and Fairbairn 1996). The
similarity between growth patterns and patterns of selection
on adults may be facilitated by significant genetic covariance
between parents and offspring throughout the ontogeny of
the house finches in the Montana population (Badyaev and
Martin 2000b). At the same time, both the strong distinction
between adult static and ontogenetic allometries and the rel-
atively low genetic and phenotypic covariation among age-
specific trait values indicate that the relationship between
selection on adults and growth patternsis not straightforward.
Transplant or common-garden experiments with nestlings
from populations where adult finches are subject to distinct
selection pressures (e.g., Montana and Alabama; Badyaev et
al. 2000) are needed to uncover the genetic components of
sexual dimorphism in growth.

Bill and body traits differed in the timing of sexual di-
morphism development (Figs. 1, 2). This heterochrony may
be related to the resources preferentially allocated to thetraits
with immediate functional importance at a certain age (e.g.,
O’ Connor 1977; Carrier and Leon 1990; Cane 1993; reviewed
in Starck 1998). Bill traits are late maturing in cardueline
and Emberizidae finches (Grant 1981; Boag 1984; Bjorklund
1994). The development of sexual dimorphism in these traits
may be related to growth and selection patterns accompa-
nying the onset of self-feeding after leaving the nest. In con-
trast, early development of dimorphism in body traits may
reflect the early onset of functional importance of these traits
for themoregulation and early fledging in the areas with high
nest predation (e.g., Ricklefs 1968; Bjorklund 1994; Badyaev
1997b; Monk 1998).

We found that postgrowth selection has a strong effect on
juvenile sexual dimorphism in the house finch (Tables 3, 4).
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For example, changes favored by postgrowth selection ac-
counted for all juvenile sexual dimorphism in bill width and
tarsus length and most of the dimorphism in bill length and
body mass (Table 3). Thus, postgrowth selection on these
traitslargely cancels out the dimorphism produced by growth
patterns (Table 4, Figs. 3, 4). In contrast, in wing and tail,
postgrowth selection favored amplification of dimorphism
produced during growth (Fig. 4, Table 4). Postgrowth via-
bilitity selection on juveniles was stronger than overwinter
survival selection acting on adults in this study population
(Badyaev and Martin 2000a, table 7). For all traits, except
wing and tail length, postgrowth viability selection on ju-
veniles and overwinter survival selection on adults favored
qualitatively similar changes in morphology (table 4 vs. table
8 in Badyaev and Martin 2000a). Thus, adult sexual dimor-
phism, to a large degree, is a result of survival selection
during juvenile stages (Jarman 1983; Leigh 1992; Merila et
al. 1997; see also Stamps and Krishnan 1997) and, for some
traits, viability selection on juveniles may play a more im-
portant role in the formation of adult morphol ogies than does
selection on adults (e.g., Georgiadis 1985).

It is noteworthy that periods of most intense selection on
juvenile finches corresponded closely to important events of
finch phenology. In all traits, especially in bill traits, there
was a significant decrease in population-level dimorphism
around age 5070 days (Figs. 3, 4), when juveniles assemble
in small (up to 20 birds), single-sex flocks (see Methods).
Another period of pronounced change in population-level
dimorphism, an increase at the age of 90-110 days (Figs. 3,
4), coincided with merging single-sex flocks and formation
of large (up to 70 individuals), both-sex flocks. Thus, post-
growth viability selection, and ultimately adult sexual di-
morphism, may be influenced by interactions among con-
specifics in juvenile flocks (e.g., Shreeve 1977; Benkman
1997; see also Stamps 1990 and references therein).

With information obtained in this study, we can begin to
address the developmental basis of the extensive population
divergence in sexual size dimorphism in recently established
house finch populations. In a recent study, we showed that
this divergence was due to changes in morphology of both
sexes, and in all examined populations, the observed sexual
dimorphism of adults was highly concordant with dimor-
phism favored by selection acting on adults (Badyaev and
Hill 2000; Badyaev et al. 2000). The results of this study
suggest that population differences in sexual dimorphism
may be produced partially by distinct environmental condi-
tions during growth. Population variation in adult sexual di-
morphism can be a consequence of differential sensitivity of
the sexes to environmental conditions during growth (e.g.,
Hirnaux 1968; Stini 1972; Hall 1978; Clutton-Brock et al.
1995; see also Sheldon et al. 1998). For example, because
of different growth patterns of sexes (e.g., more prevalent
compensatory growth of females and higher sensitivity of
male growth to environmental conditions; reviewed in Stin-
son 1985), conditions during growth may cause opposing
growth responses in the sexes and, in turn, strongly influence
adult sexual dimorphism (e.g., Sheldon et al. 1998; Post et
al. 1999). In birds, environmental conditions during growth
can account for both seasonal (Cooch et al. 1996, 1997) and
population variation in sexual dimorphism (Richner 1989;
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James 1991; Larsson and Forslund 1991). However, given
the sexually dimorphic patterns of growth found in this study
and the significant genetic covariation between parents and
offspring throughout the ontogeny (Badyaev and Martin
2000b), population differences in adult dimorphism can be
also due to genetic differentiation in patterns of growth
among populations (e.g., Price and Grant 1985; Alatalo and
Gustafsson 1988). Knowledge of growth patterns and selec-
tion on juveniles in other populations of the house finch is
crucial to inference about mechanisms behind population di-
vergence in adult sexual dimorphism.
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