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GENETIC, ENVIRONMENTAL, AND CONDITION-DEPENDENT EFFECTS ON FEMALE
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Abstract.—Secondary sexual characters are thought to indicate individual quality. Expression of sex-limited traits in
an extravagant state may require both the underlying genes and the available nutrient resources. The assessment of
the relative contribution of genes, environment, and body condition is relevant for understanding to that extent the
extravagant trait may signal genotypic or phenotypic quality of the individual. In birds, usually only the males are
ornamented. In the barn owl, Tyto alba, both females and males display sex-limited plumage traits. Males are commonly
lighter colored and females spottier. In an experiment with combined cross-fostering and brood size manipulation we
determined the relative contribution of genes, environment, and body condition to the variation in plumage coloration
and plumage spottiness. The partial cross-fostering experiment tested the relative importance of shared genes and a
shared environment for the resemblance of related birds. Siblings raised in different nests converged toward similar
trait values, offspring resembled the true but not the foster parents, and plumage traits of unrelated nestlings sharing
the same nest were not correlated. Results were not inflated by maternal effects detectable in the mother’s phenotype,
because middaughter to mother resemblance was not higher than midson to father resemblance. This suggests that
plumage coloration and spottiness are largely genetically inherited traits, and that the rearing environment does not
have a strong impact on the expression of these traits. To further investigate whether the two sex-limited traits are
condition dependent, brood sizes were manipulated. Enlargement or reduction of broods by two nestlings resulted in
lower and higher body mass of nestlings, respectively. However, nestlings raised in enlarged or reduced broods did
not show either a significantly darker or lighter or a more or less spotted plumage. We did not detect any genotype-
by-environment interaction. In conclusion, simultaneous cross-fostering and brood size manipulation demonstrate that
additive genetic variance for plumage coloration and spottiness is maintained and that both the rearing environment
and body condition do not account for a large proportion of the phenotypic variance in female and male ornamentations.

Key words.—Condition-dependent plumage traits, environmental effects, genetic plumage polymorphisms, secondary
sexual characters, Tyto alba.
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Experimental studies have shown that females prefer to
mate with ornamented males (e.g., Andersson 1982; Mgller
1988; Hill 1991). The type of benefits obtained from mate
choice depends on the relative contribution of genes and the
environment to the observed variance in ornamental extrav-
agance (Gray 1996). When the preferred trait is heritable,
females would produce more attractive sons (Fisher 1958) or
the progeny would get viability-linked genes assuming that
the ornament honestly signals genotypic quality (Hamilton
and Zuk 1982; Mgller 1990). When the preferred trait is
mainly condition dependent, females may gain resources, for
example, ornamented individuals may be healthier, and there-
fore potentially better parents (Hoelzer 1989; Hill 1991). The
partitioning of the phenotypic variance into genotypic and
environmental components is useful to assess the extent to
which a trait expresses genotypic and phenotypic qualities.
For instance, female peacocks (Pavo cristatus) produce
chicks with the high survival prospect when mated to males
displaying the most elaborate trains suggesting that orna-
mented males transmit ‘“good genes” into offspring (Petrie
1994). In the case of the house finch (Carpodacus mexicanus),
continuous variation in plumage coloration reflects differ-
ential access to carotenoid resources to develop the brighter
trait, and brighter males are better fathers (Hill 1991, 1992).

The barn owl is especially suited to partition the pheno-
typic variance of plumage ornaments into genetic and en-
vironmental components and to test the effect of body con-
dition on the expression of sex-limited traits. Nestlings and
adults exhibit two different plumage traits, coloration and

spottiness. Coloration varies from white to dark reddish
brown, and spottiness varies from immaculate to heavily
flecked. Both traits are sex limited in their expression (e.g.,
Lande 1987); males are lighter colored and less spotted than
females (Taylor 1993; Roulin 1996a). These sexual dimor-
phisms are marked in all European populations, but in north-
ern and eastern populations barn owls are generally darker
and spottier than in southern and western populations, and
birds in central Europe exhibit an intermediate form (Voous
1950). Because of gene flow between populations (Cramp
and Simmons 1985) and nonassortative mating with respect
to plumage characteristics (Baudvin 1975), most birds on the
continent should have a more-or-less intermediate plumage.
Thus, birds may be differently colored and spotted within
and among populations for at least three not mutually ex-
clusive reasons. First, plumage coloration and spottiness are
genetic polymorphisms, and two possible mechanisms would
maintain the phenotypic variation in plumage traits within
populations. Each morph may provide frequency-dependent
benefits to their bearers, that is, different plumage patterns
provide equal pay-offs when each morph is displayed by the
ESS-proportion of all individuals (Maynard Smith 1982;
Lank et al. 1995). Also, birds may benefit by making their
identity recognizable through individual plumage patterns
(Whitfield 1988), which require a highly variable genetic
system for the production of both ornamentations to ensure
that every individual is different from others. Second, the
expression of plumage coloration and spottiness depends on
the environment, for example, the birds may vary in their
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access to the resources necessary for the production of a white
or reddish-brown coloration or for spot elaboration (Slags-
vold and Lifjeld 1985; Hill 1994). Finally, the two traits may
depend on some aspects of body condition influencing one
or several allocation trade-offs within the individual (Mgller
1989; Slagsvold and Lifjeld 1992; Gustafsson et al. 1995).
We conducted a partial cross-fostering experiment to test
the respective importance of genetics and environment for
the variation in plumage coloration and spottiness. To test
for condition-dependence of plumage traits, we simulta-
neously designed a brood-size manipulation including en-
larged and reduced broods. The experiment predicts for the
genetic, environmental, and condition-dependent compo-
nents of the variation in plumage ornamentation: (1) The
genetic component: siblings raised in different nests will re-
semble each other, and offspring will resemble parents. This
prediction is free of bias if there is no genotype-environment
correlation (i.e., nestlings should not resemble foster parents)
and if maternal effects detectable in the mothers’ phenotypes
are absent (e.g., heavily spotted females do not produce high-
quality eggs that influences the daughters’ spottiness). That
is, daughters should not resemble mothers more than sons
resemble fathers (Falconer 1989; Boag and van Noordwijk
1987). (2) The environmental component: unrelated nestlings
sharing a common nest will be similarly ornamented (Fal-
coner 1989). (3) The condition-dependent component: brood
size manipulation will affect nestling ornamentation, that is,
nestlings develop ornamentations differently under experi-
mentally stressed or relaxed rearing conditions. Condition-
dependence may be similarly expressed by all genotypes, or
may vary among genotypes under the presence of a genotype-
by-environment interaction (Falconer 1989).

MATERIALS AND METHODS

The Study Organism

The barn owl, Tyto alba, includes several subspecies dis-
tributed throughout the world. It is a long-lived and medium-
sized bird that hunts during the night, mainly on small mam-
mals using auditory cues. Owls breed in cavities of trees and
cliffs, houses, and nestboxes. This bird is characterised by a
great variability in clutch size (mean: 5 to 6; range: 2 to 18
eggs) by the production of one or two clutches per year (Tay-
lor 1994) and the frequent occurence of brood reduction and
cannibalism (Baudvin 1978). Fluctuations in prey abundance
have strong effects on population dynamics, laying dates, and
reproductive success. Both males and females can be polyg-
ynous (Roulin 1996b). They often shift nestboxes and change
mates between two breeding attempts (unpubl. data). Post-
fledging dispersal varies from some movements of less than
one kilometer up to more than 1000 km. Adults are mostly
sedentary, but between two breeding attempts females some-
times move several hundred kilometers (unpubl. data). Barn
owls suffer high mortality during cold winters (Taylor 1994).

Experimental Design

We carried out the study in 1996 in the Broye Plain, west-
ern Switzerland. The study area covers 190 km?. Barn owl
pairs bred in nestboxes fastened on barns. We checked nests
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at regular intervals to record clutch sizes, hatching success,
age of each chick using wing length (Schonfeld and Girbig
1975; Taylor 1993), and the number of fledglings. We cap-
tured adults at the nest and distinguished females from males
by the presence of a brood patch (Cramp and Simmons 1985).
We determined age from leg bands when birds were banded
some years ago or by checking the moult pattern of the pri-
maries and secondaries. Feathers of first-year individuals are
all of the same generation and not abrased (Baker 1993; Tay-
lor 1993).

We enlarged 28 randomly chosen broods (E), and reduced
28 others (R) by two zero- to five-day-old nestlings. To ma-
nipulate brood sizes, we removed one randomly chosen nest-
ling from an E-nest and placed it in an R-nest. From an R-
nest, we removed three randomly chosen nestlings and put
them in an E-nest (Fig. 1). In this way, we simultaneously
did a cross-fostering and a brood size manipulation, that is,
all nests contained cross-fostered and non-cross-fostered
nestlings, and we enlarged or reduced the E- and R-nests by
two nestlings, respectively (Table 1). For unknown reasons,
parents subsequently abandoned four enlarged and two re-
duced nests. Before banding we indentified the origin of the
owlets with nontoxic, waterproof ink markings. We marked
cross-fostered nestlings and their genetically unrelated new
nestmates with different colors. Because of a strong hatching
asynchrony in natural broods, a size hierarchy within the
brood arises where the youngest chicks show slower growth
rates (Wilson et al. 1986) and suffer high mortality (Baudvin
1978; unpubl. data). Thus, if the two ornamentations are con-
dition-dependent traits, a brood size manipulation may dif-
ferently affect nestlings placed at the top and bottom of this
hierarchy (Table 1). To test this possibility, we assigned rank
1 to the eldest nestling, rank 2 to the second nestling, and
so on, and compared nestlings placed above the median rank
in enlarged versus reduced broods and did the same for nest-
lings below the median rank.

The Assessment of Plumage Ornamentation

One of us (AR) recorded the two plumage characteristics
on the breast, belly, flanks, and underside of the wings in
adults and 55-day-old nestlings. AR scored coloration by
comparison to eight color chips from I for dark reddish-brown
to VIII for white. In the color Atlas of Mecanorma (nor-
macolor spatial system®; Mecanorma International, 78610
Le Perray-en-Yvelines, France), color score I corresponds to
the color chip L*60C*40h60, II to L*70C*40h60, III to
L*80C*30h70, IV to L*85C30h70, V to L*90C10h70, VI to
L*90C*20h80, VII to L*¥95C*10h80, and VIII to white. For
statistical analyses, we calculated for each bird the mean color
score from the four body parts. To measure plumage spot-
tiness on the same four body parts, AR counted the number
of spots within a 60 X 40 mm frame, and determined the
diameter of three to 15 representative spots to the 0.10 mm
with a calliper. For each body part we calculated the mean
spot diameter and the proportion of the surface covered by
spots using the following formula: 100 X (w X number of
spots X [mean spot diameter/2]2)/(60 X 40). We averaged
the values of the two flanks, respectively, of the two wings.
For statistical analyses we calculated, for each bird, the mean



Transferred nestlings (grey circles)
9 males (hatching rank: 3.00£1.50)
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Nontransferred nestlings (grey circles)
24 males (hatching rank: 2.49+1.51)

33 females (hatching rank: 2.61+0.97)

Enlarged brood (E)

Design of the simultaneous cross-fostering and brood-size manipulation. Black and grey circles represent nestlings of different

origin. Three nestlings were transferred from R-nests to E-nests, but only one nestling from E-nests to R-nests. The mean hatching rank
(= 1 SD) is given for transferred and nontransferred nestlings. For each brood, rank 1 was assigned to the first hatched nestling.

spottiness value from the four body parts. AR took blind
measurements of plumage characteristics with respect to the
sex and origin of the bird, because at that time sex and origin
was unknown to the observer. To estimate the repeatability
of the method of assessing coloration and spottiness, we took
measurements of 27 nestlings at 55 and 62 days of age and
of 65 adults at the 20th day of incubation and when the eldest
nestling was 25 days old. Correlations between the first and
second measures are significant for both plumage coloration
(nestlings: Spearman rank correlation, r, = 0.87, n = 27, P
< 0.001; adults: r, = 0.95, n = 65, P < 0.001) and plumage
spottiness (nestlings: Pearson product-moment correlation, r
=097, n = 27, P < 0.001; adults: r = 0.90, n = 65, P <
0.001); measurement errors may therefore be negligible.

TABLE 1.

Sexing Method of Nestling

We determined the sex of the nestlings by one of the fol-
lowing two methods. One of us (HR) inspected the gonads
by laparoscopy on 75 nestlings from 39 randomly chosen
families (69 nestlings were from experimental broods, and
six nestlings from broods not used in the experiment, Table
1). For further details and effects of laparoscopy on the in-
dividual bird see Richner (1989). AR measured 10 sexually
dimorphic traits (length of bill, length of hind claw, breast,
belly, flank and wing coloration and spottiness) when birds
were 55 days old. Because color scores of the four body
regions are strongly correlated (r; = 0.86—0.93), as are spot-
tiness values (r = 0.77-0.91), we used only the most sexually
dimorphic breast coloration and belly spottiness in a dis-

Number of nestlings and sex ratio (proportion of males) in 26 reduced and 24 enlarged broods before and after the brood

size manipulation, based on the sexing by endoscopy or by discriminant function analysis. Number of nestlings sexed and percentage
of nestlings at the top of the size hierarchy after the brood size manipulation.

Before manipulation

After manipulation

Treatment Reduced Enlarged Reduced Enlarged
Number of nestlings 5.65 * 1.41 5.04 + 1.16 3.65 + 1.41 7.04 £ 1.16
% females at the top of the size hierarchy . . 49 53
% males at the top of the size hierarchy 50 46
Nestlings sexed by endoscopy 23 46
Nestlings sexed with discriminant function . . 55 71
Sex ratio 0.59 * 0.30 0.42 + 0.35 0.55 = 0.28 0.49 + 0.29
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criminant function analysis for segregating the two sexes. A
model with simultaneous inclusion of the following four vari-
ables gave a canonical loading for belly spottiness of 0.73,
breast coloration —0.57, bill length 0.47, and length of hind
claw 0.17. In a cross-validation procedure assessing the re-
liability of the discriminant function, we calculated a dis-
criminant function from 74 birds of known sex and then
classified the remaining nestling based on the model gener-
ated. We repeated this procedure 75 times, always leaving
out another individual. On average, the sex of five males and
five females was wrongly attributed, giving 87% correct dis-
crimination. To sex 126 other nestlings, we used a discrim-
inant function based on the 75 nestlings (Table 1).

Statistical Procedure

For all statistical analyses of plumage coloration and plum-
age spottiness, we calculated the mean value from all nest-
lings within given classes (e.g., sisters raised in a same nest,
brothers at the top of the size hierarchy, etc.). Thus, we con-
sider data points in a given test as independent, and large
families have the same weight in the analyses as small ones.
For parent-offspring comparisons we considered only year-
ling breeding birds, because plumage ornamentation can
change from the first to the second year of age but not between
fledging and the end of the first year (Roulin 1996a; unpubl.
data). We evaluated normality by a Lilliefors test (Wilkinson
1989). We normalized distributions of plumage spottiness
values by square-root transformation and performed para-
metric analyses. Color score distributions deviated from a
normal distribution even after log and square-root transfor-
mations. Therefore, we used nonparametric analyses for
plumage coloration. Because heritabilities based on small
sample sizes are likely to be unreliable (Boag and van Noord-
wijk 1987), we did not calculate heritability estimates. In-
stead, we performed correlation analyses to assess whether
plumage ornamentations are genetically and environmentally
determined. We performed analyses using the SYSTAT sta-
tistical package (Wilkinson 1989). Significance values are
two-tailed with a 0.05 significance level.

RESULTS

Genetic and Environmental Effects on Plumage
Ornamentation: Cross-Fostering Experiment

I. Sibling Comparison

Phenotypic variation in plumage ornamentation has a ge-
netic basis because brothers raised in different nests resem-
bled each other (color: r, = 0.55, n = 26, P < 0.005; spot-
tiness: r, = 0.56, n = 26, P = 0.003; Fig. 2a,b). For sisters,
the correlation was significant for plumage spottiness (r, =
0.54, n = 19, P = 0.017; Fig. 2d), but not for plumage
coloration (r, = 0.19, n = 19, P > 0.20; Fig. 2c).

The environment had no detectable effect on plumage or-
namentation, because nonrelative male nestlings raised in the
same nest did not converge toward similar trait values (color:
rs = 0.06, n = 19, P > 0.50; spottiness: r = 0.30, n = 19,
P = 0.21; Fig. 3a,b). The same conclusion applies for non-
relative female nestlings (color: r, = —0.09, n = 21, P >
0.50; spottiness: r = 0.17, n = 21, P = 0.46; Fig. 3c,d).
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There was no apparent effect of the brood size treatment
(open and closed symbols in Fig. 3).

I1. Parent-Offspring Comparison

Plumage traits of nestlings and same-sex foster parent were
not significantly correlated (males: color: r, = 0.48, n = 9,
P = 0.20; spottiness: r = 0.22, n = 9, P = 0.57; females:
color: r, = —0.65, n = 7, P > 0.10; spottiness: r = —0.13,
n =7, P = 0.79) suggesting that there was no genotype-by-
environment correlation increasing the resemblance of related
individuals. Thus, by comparing the midtrait value of siblings
raised in the foster nest or the nest of origin with the trait
value of the true parent, we tested whether phenotypic vari-
ance in plumage coloration and plumage spottiness has an
additive genetic component. Correlations of mid-son versus
father plumage ornamentations were significant (color: r, =
0.73, n = 15, P < 0.002; spottiness: r = 0.58, n = 15, P =
0.023; Fig. 4a,b). Correlation of mid-daughter versus mother
was significant for plumage spottiness (r = 0.55, n = 16, P
= 0.026), but not for plumage coloration (r, = 0.35, n = 16,
P = 0.20; Fig. 4c,d). The mid-daughter versus mother re-
lationships were not stronger than the mid-son versus father
relationships, suggesting that maternal effects detectable in
the mother’s phenotype did not inflate the parent-offspring
resemblance.

Condition-Dependent Effect on Plumage Ornamentation:
Brood Size Manipulation Experiment

1. Comparison among Families

The brood-size manipulation affected body mass of nest-
lings as measured at the age of 25 and 55 days after hatching:
Nestlings in enlarged broods had a significantly lower body
mass than nestlings in reduced broods (repeated measures
ANOVA; brood size treatment: Fy 45 = 10.22, P = 0.002;
Table 2). The brood-size manipulation experiment is there-
fore useful for testing if the expression of plumage orna-
mentations is condition dependent. Condition dependence
predicts that the cross-fostered, unrelated nestlings raised in
enlarged or reduced nests will differ in the expression of
plumage characteristics. All these nestlings are raised by fos-
ter parents and are therefore randomized for both the brood-
size treatment and the environment. Plumage traits of male
nestlings from enlarged and reduced broods did not differ
significantly (median coloration: 6.25 and 6.75, respectively,
Mann-Whitney test, U = 117, n = 18, 10, P = 0.19; mean
spottiness: 1.15 * 0.49 (SD) and 1.28 * 0.56, Student #-test,
t = —0.63, df = 26, P = 0.54). The same holds for female
nestlings (median coloration: 5.00 and 5.75, U = 135, n =
19, 12, P = 0.40; mean spottiness: 2.17 * 0.59 and 2.22 =+
045, t = —0.18, df = 29, P = 0.86). As shown in this
comparison of cross-fostered nestlings, there was no detect-
able treatment effect on plumage ornamentation among fam-
ilies.

Performing the same analysis on non-cross-fostered nest-
lings gives essentially the same result: unrelated nestlings
had similar plumage ornamentations in enlarged as in reduced
broods (males: median coloration: 6.72 and 6.50, respec-
tively, U = 107, n = 14, 21, P = 0.17; mean spottiness: 1.14
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* 0.51 (SD) and 1.27 = 0.58, t = —0.80, df = 33, P = 0.43;
females: median coloration: 5.00 and 5.00, U = 171, n =
19, 17, P = 0.75; mean spottiness: 1.93 * (.48 and 2.00 =
0.49,t = —0.44, df = 34, P = 0.66). Plumage traits of cross-
fostered and non-cross-fostered nestlings were not signifi-
cantly different within treatments for both males (reduced
broods: color: U = 73, n = 10, 21, P = 0.17; spottiness: ¢
= —0.05, df = 29, P = 0.96; enlarged broods: color: U =
160, n = 18, 14, P = 0.20; spottiness: ¢t = —0.20, df = 30,
P = 0.85) and females (reduced broods: color: U = 79, n =
12, 17, P = 0.31; spottiness: t = —1.28, df = 27, P = 0.21;
enlarged broods: color: U = 146, n = 19, 19, P = 0.31;
spottiness: t = —1.38, df = 36, P = 0.18). Thus, there was
no detectable effect of the cross-fostering per se on the results

of the brood size manipulation regarding condition depen-
dence of plumage ornamentations among families.

II. Comparison within Families

Plumage ornamentations of brothers from the two brood-
size treatments were not significantly different (color: Wil-
coxon matched-pairs signed-rank, z = 1.17, n = 23, P =
0.24; spottiness: paired t-test, t = 1.32, df = 22, P = 0.20;
Fig. 5a,b). The same was true for plumage spottiness in sisters
(spottiness: + = —1.06, df = 18, P = 0.30; Fig. 5d), but
sisters tended to be lighter colored in enlarged than in reduced
broods (color: z= —1.80, n = 19, P = 0.07; Fig. 5¢). These
results were probably not blurred by potential genotype-by-
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environment interaction, because the difference in plumage
characteristics of siblings raised in enlarged versus reduced
broods was not significantly correlated with the plumage
characteristics of the same-sex, true parent after correcting
for sex effects (color: tau = —0.28, n = 13, P > 0.10; spot-
tiness: 7pamiq = —0.30, n = 13, NS; Fig. 6a,b).

The body mass of the nestlings placed at the bottom of
the size hierarchy was not significantly lower in enlarged
than in reduced broods (repeated measures ANOVA, brood-
size treatment: F 46 = 1.32, P = 0.26), but nestlings at the
top of the size hierarchy had a significantly lower body mass
in enlarged broods (F; 45 = 15.16, P < 0.001; Table 2). Thus,
if nutritional condition in the nest affects the expression of
the two plumage ornamentations, siblings raised at the top
of the size hierarchy should be differently ornamented in
enlarged and reduced nests. However, we found no significant

differences for either brothers (median coloration: 7.13 and
6.50, respectively, z = 1.02, n = 8, P = 0.31; mean spottiness:
0.86 = 0.34 (SD) and 0.94 * 0.35, ¢t = 0.50,df = 7, P =
0.63), or sisters (median coloration: 5.25 and 5.63, z = —1.06,
n = 12, P = 0.26; mean spottiness: 2.21 = 0.55 and 2.31 +
00.38, t = 0.65, df = 11, P = 0.53). Plumage of brothers
placed at the bottom of the brood-size hierarchy was similar
in the two treatments for both coloration (median: 6.25 in
both treatments, z = —0.31, n = 11, P = 0.76), and spottiness
(0.98 = 0.43 and 0.99 = 0.53, ¢t = 0.05, df = 10, P = 0.96).
Sample size for sisters placed at the bottom of the hierarchy
was too small for reliable testing (n = 5 families). Because
no statistical comparison was significant, we conclude that
within families brood size manipulation had no detectable
effect on the expression of plumage ornamentation of nest-
lings.
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Fig. 4. Plumage ornamentation of midoffspring and same-sex true parent. (a) Mid-son-father plumage coloration. (b) Mid-son-father
plumage spottiness. (c) Mid-daughter-mother plumage coloration. (d) Mid-daughter-mother plumage spottiness.

DiscussioN

To our knowledge, this is the first study that addresses the
simultaneous effects of genetics, environment, and body con-
dition on the elaboration of multiple plumage ornaments. An
experiment with simultaneous cross-fostering and brood size
manipulation separated these three potential components re-
sponsible for the phenotypic variance in plumage coloration
and spottiness. The study shows that the two plumage or-
namentations are mainly genetically inherited, because sib-
lings raised in different nests converged toward similar trait
values and offspring resembled parents. Parental effects (ge-
netic-environment correlation) and maternal effects detect-
able in the mother’s phenotype did not inflate these results.
The environment did not seem to have an impact on the
production of plumage traits, because unrelated nestlings did
not resemble each other as a consequence of sharing the same

nest. Although brood size manipulation affected body mass
of the nestlings, it did not affect the expression of the two
ornamentations. We did not detect any genotype-by-environ-
ment interaction.

Environmental and Condition-Dependent Effects on
Plumage Ornamentation

From the point of view of the “good-gene” and ‘“good-
parent” models of sexual selection (Zahavi 1975; Hamilton
and Zuk 1982; Kodric-Brown and Brown 1984; Andersson
1986; Hoelzer 1989), secondary sexual dimorphism evolved
as honest advertisements of individual quality. To reinforce
honesty, signals should be either costly to produce (Mgller
1989; Hill and Montgomerie 1994; Swaddle and Witter 1994;
Gustafsson et al. 1995) or to maintain (Rohwer and Rohwer
1978; Mgller and de Lope 1994). The fact that nonrelatives
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TABLE 2. Nestling body mass (g) at 25 and 55 days of age in reduced and enlarged nests. Means = 1 SD.

Overall mean Nestlings at the top of the size hierarchy Nestlings at the bottom of the size hierarchy
Treatment Reduced Enlarged Reduced Enlarged Reduced Enlarged
25 days of age 302 = 19 286 *+ 18 318 = 19 301 = 22 290 * 32 276 + 40
55 days of age 346 *+ 22 334 £ 20 349 = 23 331 =23 343 = 30 336 + 23

sharing a common environment did not develop similar or- transformation of the ingested food into reddish-brown or
namentations, as shown by the cross-fostering experiment, black pigments (Andersson 1986; Gray 1996). Even if the
indicates that the parents did not directly collect pigments or  production of ornamentations at the nestling stage is free of
their precursors for reddish-brown and black colorations costs, the change in ornamentation between the first and sec-
(Slagsvold and Lifjeld 1985; Hill 1992). The fact that the ond year of age (Roulin 1996a; unpubl. data) may neverthe-
brood size manipulation did not affect ornamentations sug: less be condition dependent. At this stage other trade-offs
gests that there is no trade-off between growth and metabolic may control the expression of plumage ornamentation, as

a b
8 T T T T T ® 4 T T T
. ines
2 7| Coloration ° ° - a Spottiness
0 L4  J 0
0 () 0 3+ 4
H (1] N
Q 6 ’. - Q
1 ‘ 1
- 3
,§ 5 L] * ~ 'g . L |
" L M
4+ 4
L} [ k| . .‘
2 [ ] )
¢ 3r ] ¢ 1| © %4 4
3 g .
4 0
5 2 1 F o L ]
1 L L 1 ! L 1 0 L 1 ! .
1 2 3 4 H 6 7 8 o 1 2 3
Brothers in enlarged broods Brothers in enlarged broods
¢ d
8 T T T T T 4 r\ - T —
|
7 + Coloration 4 | Spottiness
'g (] L] !
o [ ) L) 'g |
5 6 o o Y- 4 2 3r -
2 ° 4 5
L]
[ [} L) [}
g 5 [} - 'g i .
9 ° g 2F -
o !
H 4 4 M
q i °
- ) 4 !
@ L i i
¢ : Boo1r -
» h 1 H
a 2k ] v i
[ o l
|
1 | I [ 1 0 - |
1 2 3 4 s 6 7 8 [} 1 2 3 4

Sigters in enlarged broods Sisters in enlarged broods
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in enlarged broods.
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shown in the collared flycatcher, Ficedula albicollis, where
paternal investment is traded against sexiness: Males in-
volved in the rearing of experimentally enlarged broods had
a reduced forehead white patch the following year and males
of reduced broods a larger one (Gustafsson et al. 1995).

Our results suggest that the rearing environment does not
account for a large proportion of the observed variance in
plumage coloration and spottiness. However, the findings that
unrelated nestmates were not similarly ornamented and that
the brood size manipulation did not affect the ornamentations
have to be interpreted with caution. A Type II error cannot
be excluded; also, a genotype-by-environment interaction via
the cross-fostering experiment cannot be assessed reliably
with small samples and was therefore omitted.

Genetic Effect on Ornamentation

We quantified ornamentation in nestlings rather than in
recruits (e.g., Hill 1991; Mgller 1991; Slagsvold and Lifjeld
1992; Norris 1993). Quantification of ornaments in recruits
bears the problem that more ornamented birds may be more
often recruited in the breeding population than less orna-
mented ones (Mgller 1992), which may lead to inflated her-
itability estimates. This potential error is reduced if one can
quantify ornaments already in nestlings, as in the present
study. Because we showed that additive genetic variance is
maintained for plumage coloration and spottiness, these traits
can respond to phenotypic selection. Observations in Swit-
zerland showed that female plumage spottiness was posi-
tively correlated with clutch size, that dark males had a higher
reproductive success than whiter males, and that old females
were mated with whiter yearling males than first-year females
(unpubl. data). This suggests that dark males are better fa-
thers, lightly coloured males have mating advantages, and
that female plumage spottiness may signal egg productivity.
This scenario may be interesting for understanding variation
in plumage characteristics of this species. To this end, studies
are required to determine if dark and light plumages or im-

maculate and heavily flecked plumages: (1) correspond to
different genetically inherited ESS-breeding tactics (Maynard
Smith 1982; Lank et al. 1995); (2) serve individual recog-
nition (Whitfield 1988); or (3) signal genotypic quality (Mgll-
er 1990; Petrie 1994). A cost-benefit analysis of the various
plumage patterns may be useful for understanding cline vari-
ation (Voous 1950; Mgller 1995).
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