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I consider the possibility of selection favouring large body size in a population
of snow petrels (Pagodroma nivea), a long-lived seabird species. I measured
natural selection on body size traits in a population from 1987 to 1998. There
was evidence of selection on body size associated with fecundity and survival.
Directional selection on bill length and stabilizing selection on tarsus length
associated with reproductive success were detected among males. Selection
associated with survival favoured males with longer bills. However, selection
was weak in all cases. No evidence of selection acting on female body size traits
was detected. Offspring±parents regression suggested that bill length and
tarsus length were heritable. Although I was able to identify the targets of
selection in this population, I could not demonstrate the ecological implications of both tarsus length and bill length variation. The selection on male, but
not on female, body size traits suggests factors such as intrasexual competition
for nests and/or mates rather than factors such as feeding ef®ciency as
mechanisms of selection on bill size.

Introduction
Natural selection in wild populations of animals has been
documented by several studies (see reviews in Endler,
1986; Price & Boag, 1987). Its measurement is of primary
importance as it allows the testing of speci®c ecological
hypotheses and provides a measure of adaptation (Lande
& Arnold, 1983; Wikelski & Trillmich, 1997). Among
birds, detecting differences in ®tness associated with
differences in body size traits between individuals is often
dif®cult because of the relatively low variability of
morphological characters (»4%) in this taxa. For
example, frequent and intense natural selection has been
observed in bird species in which morphological
variability is high (e.g. Price & Grant, 1984). Moreover,
studies that investigated natural selection on size among
birds mainly concern short-lived species (Endler, 1986;
Price & Boag, 1987, but see Monaghan & Metcalfe, 1986;
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Davies et al., 1988; Choudhury et al., 1996), as they offer
more opportunities to detect selection than long lived
species due to a shorter generation time, higher mortality
rates, and higher breeding frequencies. However, it is
necessary to measure selection in a wide variety of
organisms with contrasting life-history traits. For
example, the lack of data on important lineages within
a major group introduces problems in terms of lack of
generality of any patterns that are discerned.
Here I analyse the pattern of selection on a series of
body size traits in snow petrels (Pagodroma nivea) over an
11-year period. The snow petrel is a long-lived colonial
seabird that breeds in Antarctica and nearby islands
(Marchant & Higgins, 1990; Chastel et al., 1993). The
peculiarities of this petrel species are its high intrasexual
morphological variability and a remarkable degree of
sexual size dimorphism (PreÂvost, 1969; Isenmann, 1970;
Cowan, 1981; Croxall, 1982; Jouventin & Viot, 1985;
Barbraud & Jouventin, 1998). Consequently, it offers a
good opportunity to examine selection associated with
morphological traits in a long lived species of bird. There
are distinct differences between populations of the
species in morphological traits. Based on morphological

81

82

C. BARBRAUD

and electrophoretic data, several authors (Jouventin &
Viot, 1985; Barbraud & Jouventin, 1998) considered that
the species might be divided into a large and a small
subspecies which interbreed at some locations. This
makes it likely that intraindividual phenotypic and
genetic variation is higher than normally observed
among birds and it might be more likely to observe a
relation between the phenotype and selection. Within
each subspecies sexual size dimorphism is clearly
marked, males being larger than females, although the
males are relatively larger than females in the larger
subspecies than in the smaller subspecies (Barbraud &
Jouventin, 1998).
Two previous papers have suggested that in snow
petrels large adult birds may have a selective advantage.
First we have shown that large individuals were more
ef®cient at foraging at sea than small birds (Barbraud
et al., in press). Our data strongly suggested that large
individuals had an advantage when competing with
small ones on the feeding zones to acquire food. Second,
there are some indications that intrasexual selection on
male size tends to favour large males through increased
reliance on physical combat during nest and/or mate
defence (Barbraud & Jouventin, 1998). Thus, we may
expect a higher survival and/or fecundity for large
individuals compared to small ones. In the present paper,
I test this hypothesis by documenting selection on body
size traits via adult mortality and adult breeding success,
and by providing insight into the strength and the form
of selection. I also calculate heritability estimates for the
body size traits on which selection was measured.
Finally, I consider the possibility that sexual selection
reinforces or opposes natural selection.

Materials and methods
Field study
The study was carried out on a snow petrel population at
Dumont d'Urville (66°40¢S, 140°E) in the Pointe GeÂologie Archipelago, Terre AdeÂlie, Antarctica. Snow petrels
lay a single egg in December without a replacement
clutch. In January 1987, 244 individuals were captured
in nests while incubating their egg, measured and
individually banded with a stainless steel band. All
measurements were made by the same person and nests
were individually marked with a number painted on
rocks. From 1987 to 1998, these study nests were
surveyed every year during the incubation and ¯edging
periods, and reproductive success, the number of young
raised to independence, was recorded. Breeding pairs in
study nests were identi®ed when banded. Nestling were
banded just before ¯edging about 40 days after hatching.
Regular searches for banded snow petrels were organized
throughout the archipelago during the study period.
Repeated sightings of banded birds through each year
indicated that disappearances occurred primarily during

the nonbreeding season, thus probably in winter at sea,
as only one bird (0.4%) died during summer in the
colonies over the study period. Disappearance of adult
snow petrels from Dumont d'Urville may result from
emigration and mortality. In general adult Procellariiformes return to the same breeding site once they
have started to breed (Warham, 1990), and the snow
petrel is no exception (Guillotin & Jouventin, 1980).
Adult snow petrels are not known to disperse: juveniles
born at Dumont d'Urville have dispersed to neighbouring
and distant islands (500 m to 1320 km distant), but no
breeding adult has yet done so (Chastel et al., 1993;
T. Micol and P. Jouventin, unpublished data). Moreover,
males are known to be strongly philopatric (Guillotin &
Jouventin, 1980) and to defend their nest vigorously
(Brown, 1966). I therefore assumed that the disappearance of adults resulted mainly from mortality. Although
all offspring were banded during the entire study period,
analysis of selection on juveniles was not possible as only
3% of ¯edglings returned to the study site in subsequent
years.
Morphology
Three measures of body size were used in the analyses:
wing length, bill length and tarsus length (measurement
details in Barbraud & Jouventin, 1998). Body mass was
not used as large changes in body mass typically occur in
Procellariiformes (Croxall, 1984; Warham, 1990). All
measurements were made during the same day in
January 1987, thus excluding effects of seasonal variation in dimensions. The average age at ®rst breeding is
nearly 10 years (ranging from 5 to 14 years, Chastel
et al., 1993) and repeatability of measurements made by
the same person on snow petrels in subsequent years is
high (Barbraud & Jouventin, 1998). Consequently,
studied individuals were probably more than 5 years
old and I considered that slight growth and shrinkage
were not signi®cant during the study. This was con®rmed
by the nonsigni®cant differences in body size traits of
individuals measured at 2- to 7-year intervals (bill length:
paired t-tests, t164  1.62, P  0.11; tarsus length:
t104  1.18, P  0.24; wing length: t164  1.18, P  0.24).
Traits were shown not to deviate from the normal
distribution hypothesis within each sex (Kolmogorov±
Smirnov one sample tests, P values >0.05), and hence all
analyses are based on the untransformed data. Within
the sexes, traits were linearly related to each other
(r  0.43±0.59, n  127, P values <0.001 for males;
r  0.52±0.63, n  117, P values <0.001 for females), as
assumed by standard selection analyses (Price & Boag,
1987).
To estimate the heritability of body size traits
I measured 21 offspring (wing length, bill length and
tarsus length) just before ¯edging in 1997/98, and their
parents during the incubation period in early December
1997. Heritability estimates (h2) for body size traits were
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obtained by regressing values of fully grown offspring
(i.e. midoffspring values as offspring were not sexed) on
male and female parents separately and midparent values
(Falconer, 1981). I detected assortative mating between
parents with respect to bill length (r  0.64, n  21, P 
0.002) and tarsus length (r  0.66, n  21, P  0.0012),
but not with wing length (r  0.31, n  21, P  0.18).
As assortative mating between parents may in¯uence
heritability estimates obtained from offspring±parent
regressions I corrected heritability estimates for bill
length for assortative mating using correlation coef®cients (Bulmer, 1980). Differences between slopes of
regressions were tested for signi®cance by a heterogeneity of slopes model (SAS, 1985).
Natural selection
Data were divided into two components of ®tness,
survival and breeding success. The snow petrel is a
long-lived seabird with a particularly low mortality rate
considering its relatively small size, and with a low
breeding frequency (Chastel et al., 1993). The breeding
history of the 244 individuals over the 1987±98 period
indicated that, on average, birds attempted to breed in
69.7% of seasons (SD  0.192, range 0.11±1.0). However,
some snow petrels spent up to 4 years without breeding.
Therefore I used the variable `time not seen', i.e. the
number of years since the individual was seen for the last
time, as a survival variable. Another approach may be to
assume that an individual is considered as dead if not
seen during the last 5 years of the study (1994±98), as
some individuals may spend four years without breeding.
The survival variable then becomes a 0±1 variable and it
is then possible to test for signi®cance of selection on
wing, bill and tarsus lengths using logistic regression.
I started with the full model: survival  wing length +
bill length + tarsus length. I then skipped the parameters
that did not improve signi®cantly the model using the
likelihood-ratio test.
For reproductive data, I estimated ®tness as the
number of offspring surviving to independence produced
by an individual during the study period. Individuals
measured in 1987 and then not seen were removed from
the analysis to avoid an effect attributable to disturbance
caused by the action of taking the measurements.
Analyses of selection on body size were made with
wing length, bill length and tarsus length. Coef®cients of
selection intensity were calculated using the parametric
technique developed by Lande & Arnold (1983) which
involves calculating the selection differential S, the
directional gradient b and the stabilizing selection differential C for estimating stabilizing and disruptive selection.
S is the difference between the mean value of the
character before and after selection. The directional
selection gradient (b) is calculated as the partial regression coef®cients of relative ®tness regressed on the
original three traits combined and standardized (Lande
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& Arnold, 1983). R2 refers to the ®t of the model. The
stabilizing selection differential C in the absence of
directional selection is de®ned as the change in the
variance of a character before and after selection and
indicates stabilizing selection when C < 0 and disruptive
selection when C > 0 (Schluter & Smith, 1986). I used
methods outlined in Schluter & Smith (1986) to calculate
and to test signi®cance of coef®cients of selection.
Before calculating directional selection differentials
and gradients, all measurements were ®rst standardized
to have unit variance (Price & Boag, 1987). Males and
females differ in the size of all morphological traits
(Barbraud & Jouventin, 1998), and so were analysed
separately. Adult birds were sexed by vocalization, calls
of males pitched lower than those of females (Guillotin &
Jouventin, 1980).
I used the nonparametric cubic spline technique to
estimate the ®tness function relating relative ®tness and
survival to male bill length and tarsus length (Schluter,
1988). To estimate con®dence limits, standard errors
were generated by resampling the original data set with
200 repeated bootstraps (Schluter, 1988). Analyses were
performed using a program kindly supplied by
D. Schluter.
For signi®cant directional selection differentials, the
statistical power of the test was computed using the
formula z(b)  Ö(n) ´ S + z(1 ± a) (Lynch & Walsh,
1998), where n is the sample size, S is the standardized
directional selection differential and z gives the proportion of the normal curve that lies beyond a given normal
deviate.
Sexual selection
Snow petrels are largely monogamous. Nevertheless,
opportunity for sexual selection on morphological traits
may be present as not all males acquire a mate and breed
during the breeding season following a mate change.
I retained males that changed their mate during the study
period. I used the number of breeding seasons separating
the last breeding event of those males and the ®rst
breeding event with a new mate as an index of mating
success. Selection differentials were computed and tested
as for survival and breeding success data.

Results
Table 1 gives measurements of adult males and females
measured in 1987. A multivariate analysis of variance
revealed signi®cant sexual dimorphism in the mean
phenotype (Wilks' lambda  0.68, F3,240  36.94, P <
0.001). Males were signi®cantly larger than females in
all characters (t-tests, P < 0.001 in each case). All three
morphological measures are strongly correlated with
each other (Table 2). Heritability estimates for body traits
are summarized in Table 3. Almost all heritabilities were
signi®cantly different from zero. Comparisons of
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Table 1 Characteristics (mean  SD) of adult male and female
snow petrels measured in 1987 at Dumont d'Urville.

Wing length (mm)
Bill length (mm)
Tarsus length (mm)
Sample size

Males

Females

304.2  9.6 (279±324)
25.0  1.6 (21.1±28.9)
37.0  1.8 (31.1±41.0)
127

293.0  10.6 (263±316)
23.1  1.4 (19.4±26.6)
35.8  2.0 (29.7±39.3)
117

Table 2 The correlation matrix for morphological measurements
in male and female snow petrels measured in 1987 at Dumont
d'Urville. All P values <0.001.
Males

Females

Character

Wing

Bill

Tarsus

Wing

Bill

Tarsus

Wing
Bill
Tarsus

±

0.60
±

0.39
0.42
±

±

0.64
±

0.63
0.54
±

Table 3 Heritability estimates (h2) from regressions of offspring
on parents for three body size traits in the snow petrel. Sample
size is 21, and h2 values are given SE. *P < 0.05, **P < 0.01,
***P < 0.001, the probabilities that h2 are signi®cantly different
from zero.
Offspring

Father

Mother

Midparent

Wing length
Bill length
Tarsus length

0.44  0.32
0.78  0.30***
0.86  0.23**

0.41  0.20*
0.91  0.32***
0.68  0.12***

0.62  0.28*
0.84  0.15***
1.05  0.14***

regressions of offspring bill length on values of mothers'
and fathers' tarsus lengths showed similar degree of
resemblance between offspring and mothers and fathers
bill length (A N O V A , F1,38  0.22, P  0.64), and between
offspring and mothers and fathers tarsus length
(F1,38  0.49, P  0.49).
Although variance in relative ®tness for reproductive
data was small for males and females (Table 4), there was
signi®cant directional selection associated with reproductive success on male bill length (P  0.006; see
Fig. 1A). Stabilizing selection acted on male tarsus length
(P  0.008; see Fig. 1B) but was weak: the standardized
coef®cient C  ±0.08 indicates that variance in tarsus
length was reduced by only 8% between 1987 and 1998.
Values of the selection gradient b suggest that selection
associated with male reproduction was only restricted to
bill length (Table 5). The proportion of variance in
relative ®tness for reproductive data explained by the
multiple regression is signi®cant for males (R2  0.10,
n  127, P  0.006). There was no selection associated
with reproductive success on female size traits during the
study period (all P values >0.05).
Variance in adult survival was relatively small for
males and females (Table 4), suggesting that mortality
was low during the period 1987±98. Standardized selec-

Table 4 Standardized directional (S) and stabilizing (C) selection
differentials associated with reproductive success and survival in
adult snow petrels for the period 1987±98. I is the variance in
relative ®tness, n the sample size, with the proportion surviving
in parentheses. *P < 0.05.
Males

Females

S
Reproductive success
Wing length
Bill length
Tarsus length
I
n
Survival
Wing length
Bill length
Tarsus length
I
n

C

0.08
0.17*
)0.03

)0.04
0.04
)0.08*

S

)0.03
0.03
0.05

0.41
127
0.07
0.17*
)0.02

C

)0.04
)0.02
)0.03
0.40
117

)0.10
0.10
)0.04
0.87
127 (0.74)

)0.04
)0.02
)0.02

)0.04
0.04
)0.03
0.83
117 (0.79)

tion differentials were signi®cant only for bill length in
males (P  0.041; Table 4), indicating that selection
favoured males with longer bills. Standardized selection
differentials were signi®cant for none of the original
three traits in females (Table 4). Logistic regression did
not indicate signi®cant selection associated with survival
on the morphological traits in both males and females
(P values >0.24).
The power of the test for directional selection associated with reproductive success and survival was 0.52 for
a two-sided test and 0.60 for a one-sided test.
Among 44 males that changed their mate during the
study period, 33 acquired a new mate in the next two
following breeding seasons. The directional selection
differential for wing, bill and tarsus lengths were
±0.09, ±0.10 and 0.07, respectively, but none was
signi®cant after correction for multiple tests (all P
values >0.39). The stabilizing selection differentials were
0.24, ±0.09 and 0.08, respectively, for these same traits,
and none was found to be signi®cant after correction for
multiple tests (all P values >0.07).

Discussion
Despite the relatively low variance in relative ®tness
associated with reproductive success and survival, there
was evidence of natural selection on body size traits in
male, but not female, snow petrels over the period
1987±98. Morphological variation in the snow petrels
measured in 1987 was relatively low compared to the
variability found by several studies at Dumont d'Urville
(Isenmann, 1970; Jouventin & Viot, 1985; Barbraud &
Jouventin, 1998). Despite this relatively low variability,
size in the snow petrel was found to be associated with
variation in reproduction. Both directional and
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Table 5 Selection gradient (b) associated with reproductive success
and survival for adult male and female snow petrels for the period
1987±98. *P < 0.05.
Males

Fig. 1 Fitness functions of two morphological traits in adult male
snow petrels calculated using the cubic spline technique (Schluter,
1988). The closed circles indicate raw data values. Relative ®tness in
relation to (A) bill length and (B) tarsus length. Relative ®tness is the
number of offspring ¯edged per male, divided by the mean number
of offspring ¯edged. Data are for the period 1987±98.

stabilizing selection associated with reproductive success
were detected among males. Adult males that produced
more young had longer bill than other males, and
stabilizing selection acted on tarsus length. These results
tend to con®rm the hypothesis of a selective advantage
for large individuals, but for males only. Selection on
male bill length associated with survival was only
detected using one method, suggesting that adult males
with longer bill than other males had higher survival but
that selection was weak. Both estimates of survival (time
not seen and dead if not seen during the last 5 years of
the study) may not indicate only mortality but also
emigration, although adult snow petrels are extremely
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Females

Reproductive success
Wing length
Bill length
Tarsus length
R2

0.01  0.07
0.22  0.07*
)0.12  0.06
0.10*

)0.13  0.08
0.05  0.08
0.11  0.08
0.03

Survival
Wing length
Bill length
Tarsus length
R2

)0.02  0.10
0.23  0.11*
)0.11  0.09
0.05

)0.06  0.12
0.01  0.11
0.01  0.11
0.00

philopatric (Chastel et al., 1993) making this hypothesis
unlikely.
However, the results suggest weak selection, as indicated by the low selection differential estimates, and
relatively low statistical power of the test. Nevertheless,
as computed, the low statistical power was more a
consequence of low selection differential estimates than a
consequence of small sample size. One may argue that
the evaluation of the signi®cance of the selection
gradients and selection differentials should be improved
using Bonferroni correction for multiple testing. First,
Bonferroni correction is too conservative as the traits are
correlated and even with Bonferroni correction, the level
of signi®cance is still below 0.1 which is usually considered marginally signi®cant. Second, as R2 refers to the ®t
of the model then a signi®cant overall result and one
signi®cant partial regression coef®cient can be interpreted as both being signi®cant by Fisher's LSD principle
(Miller, 1981). Thus, I conclude that selection is weak but
signi®cant.
One may have expected selection on female bill size
due to reproductive success or survival through correlated effects of assortative mating by size and differential
male reproductive success based on size. Perhaps this was
caused by the relatively low correlation coef®cient found
between male and female size of a pair at Dumont
d'Urville (0.58, Barbraud & Jouventin, 1998).
Both subspecies interbreed at the study location and it
seems that the study population is a relatively recent
admixture of the large and the small subspecies (Barbraud & Jouventin, 1998). This situation probably partly
explains the important intraspeci®c phenotypic variation
observed at the study location, which makes it likely that
a relation like the one measured in this study between
the phenotype and selection would be observed.
Although this does not invalidate the present study, it
is not clear if this rather special situation generalizes to
other long-lived species. The interbreeding of the large
and the small subspecies at Dumont d'Urville probably
results in heritability estimates higher than usual, and

86

C. BARBRAUD

sample sizes used to estimate heritabilities were small.
However, a cross-fostering experiment conducted at the
same location indicates that body size is heritable in that
species (Barbraud et al., in press).
Since the traits were found to be heritable, the results
imply signi®cant potential for evolutionary change.
However, these changes will probably be dif®cult to
detect as immigration of nonbreeding birds occurs relatively frequently at Dumont d'Urville (Chastel et al.,
1993). The dif®culty of ®nding a response to selection is
probably enhanced by (i) the fact that snow petrels are
long-lived and populations have overlapping generations, (ii) the relatively low intensity of selection and
(iii) the expected response to selection is probably
reached slowly and asymptotically as favoured individuals come to dominate the entire age structure (Charlesworth, 1980). The frequency distribution of male body
size traits of snow petrels at Dumont d'Urville is leftskewed, indicating a lower proportion of small birds
(Barbraud & Jouventin, 1998). This could re¯ect the
differential selection pressure on bill length associated
with survival and reproductive success found in this
study. Nevertheless, the evidence for directional and
stabilizing selection on bill and tarsus length, respectively, and associated performance information suggests that
selection at Dumont d'Urville may play a role in reducing
the variation observed on this island.
Natural selection operating differentially on males and
females with no selection on body size traits on females
and with directional (bill length) and stabilizing (tarsus
length) selection on males may result in sexual size
dimorphism (Darwin, 1871). Interestingly, the sexual
size dimorphism in snow petrels is among the greatest in
the Procellariiformes (Croxall, 1982; Barbraud & Jouventin, 1998). This pattern of selection also offers an
opportunity for sexual selection to operate through
female choice for males with long bills. Barbraud &
Jouventin (1998) gave results that support the intrasexual selection hypothesis as a factor leading to sexual
size dimorphism in that species, but they did not
investigate the mechanisms of female choice. Because
snow petrels are monogamous and show high mate
®delity, mechanisms of mate choice would probably be
dif®cult to detect. My present results suggest that larger
males did not acquire a new mate more rapidly than
smaller males. However, the time between the end of
one pair-bond and the next breeding may only poorly
re¯ect mating success.
The mechanisms by which selection acted on bill and
tarsus length could not be tackled in this study as no
observations on the ecological importance of these traits
were made. Variation in bill and tarsus length may be
related to some combination of foraging abilities
(Schluter & Smith, 1986), mating success (Price, 1984)
or climate adaptations (James, 1970). Although there is
some indication that variation in body size is associated
with foraging abilities in the snow petrel, with large

individuals having better foraging abilities than small
ones (Barbraud et al., in press), de®nitive conclusions
cannot be drawn. Detailed studies of feeding are necessary to understand the functional and ecological significance of bill and tarsus lengths in snow petrels but are
dif®cult in practice. The fact that selection was found
only on male bill size rather suggests that a possible
mechanism of selection is intrasexual competition for
nest and/or mate. For example, large body and bill size
may constitute an advantage during physical combat for
nest and/or mate. If a large bill size permits a better
foraging ability I would probably have found selection on
female bill size. In addition, this also suggests that
individuals with a large bill size would be in a better
condition. Condition was not measured during the
present study but was measured as the residuals of the
regression of body mass on body size in 1993 for another
purpose. Using these data I found no correlation between
bill size and condition in males (Pearson correlation
coef®cient, r  0.03, n  51, P  0.82) and in females
(r  0.03, n  42, P  0.86).
Natural selection on body size traits has been found in
several short-lived species of birds (Endler, 1986; Price &
Boag, 1987; Smith, 1990; Wiggins, 1991), but very few
studies have reported selection on body size traits in
long-lived bird species (Monaghan & Metcalfe, 1986;
Davies et al., 1988; Choudhury et al., 1996). Long-term
data bases on long-lived species of birds are now
becoming relatively abundant and should be useful in
estimating the occurrence of natural selection on body
size traits in these species.
However, my estimates of heritability might have been
biased by several factors. First, the estimates of the
standardized directional selection gradient may be biased.
Indeed, an important assumption of the gradient analysis
is that there has been no selection on unmeasured traits
that are correlated with the traits measured. Violation of
this assumption may lead to biased estimates of b. In the
snow petrel, bill depth is highly correlated with the three
traits measured in the present study (Barbraud &
Jouventin, 1998), and was not measured in 1987. Thus,
one can not reject the possibility that selection also acted
on bill depth, and estimates of b might be biased. Second,
the age structure of the study population was not known
when birds were measured and this might have biased
the estimates of selection differentials (Endler, 1986).
However, inclusion of only breeding birds removed
effects of selection on juveniles, immatures and adults
prior to breeding. Finally, heritability estimates might
have been biased by environmental effects and genotype±environment interactions (Bulmer, 1980; Falconer,
1981), but also by behaviour such as extra-pair fertilization, intraspeci®c nest parasitism and adoption of alien
young (Larsson & Forslund, 1992). Snow petrels are
strictly monogamous (Brown, 1966; Isenmann, 1970)
and nest site ®delity is high (Chastel et al., 1993);
moreover; chicks are nidicolous and adoption of alien
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young has never been recorded (Warham, 1990). Thus,
the last three factors are probably of minor importance in
this species. Environmental effects were not examined in
this study; however, between-year differences in ¯edging
bill length and wing length calculated over 6 years are
only 2.7% and 3.2%, respectively (Barbraud unpublished data), indicating relatively weak environmental
in¯uence on ¯edging size. Moreover, a cross-fostering
experiment conducted on snow petrels shows that a
signi®cant part of the parent offspring resemblance in
body size is due to genetic factors (Barbraud et al., in
press). The nonsigni®cant heritability value for wing
length might be explained by the fact that offspring wing
length had not yet reached its asymptotic size when
measured, coupled with the larger size of males than
females. In Procellariiformes, wing length at ¯edging is
generally less developed than other body dimensions
(Warham, 1990). Although genotype±environment
interactions may have biased my estimates, I suggest
that a substantial proportion of the estimated heritabilities re¯ects the transmission and segregation of genes
with additive effects on body size. This has been shown
for many species of birds (Boag & van Noordwijk, 1987).
The inability to determine the sex of the offspring
measured and the sexual size dimorphism are likely to
have lowered the heritability estimates. This is, however,
of minor concern since heritability estimates were generally very high.
To conclude, the results show weak directional
selection on bill size and weak stabilizing selection on
tarsus length in males, but no selection on female body
size traits. Determining the extent to which selection
acted on male body size may have contributed to the
understanding of the present-day pattern of morphological variation in that population with a high
proportion of large-sized males. The absence of selection on female bill size may allow us to reject factors
linked to feeding ef®ciency as mechanisms for selection, but rather suggests factors such as intrasexual
competition for nest and/or mates.

Acknowledgments
The study was supported by the `Institut FrancËais pour la
Recherche et la Technologie Polaires', Program no. 109
directed by P. Jouventin. I thank H. Weimerskirch and
two anonymous referees for comments on an earlier
version of the manuscript. I thank E. Montes for
measuring snow petrels in 1987 and all the ®eld
assistants who checked the study nests between 1987
and 1998.

References
Barbraud, C. & Jouventin, P. 1998. What causes body size
variation in the snow petrel Pagodroma nivea? J. Avian Biol. 29:
161±171.

J. EVOL. BIOL. 13 (2000) 81±88 ã 2000 BLACKWELL SCIENCE LTD

87

Barbraud, C., Weimerskirch, H., Robertson, G.G. & Jouventin, P.
1999. Size-related life history traits: insights from a study of
snow petrels. J. Anim. Ecol. in press.
Boag, P.T. & van Noordwijk, A.J. 1987. Quantitative genetics. In:
Avian Genetics (F. Cooke & P. A. Buckley, eds), pp. 45±78.
Academic Press, London.
Brown, D.A. 1966. Breeding biology of the snow petrel. ANARE
2 Sci. Report 89: 1±63.
Bulmer, M. 1980. The Mathematical Theory of Quantitative Genetics.
Clarendon, Oxford.
Charlesworth, B. 1980. Evolution in Age-Structured Populations.
Cambridge University Press, Cambridge.
Chastel, O., Weimerskirch, H. & Jouventin, P. 1993. High
variability in reproductive success and survival of an Antarctic
seabird, the snow petrel Pagodroma nivea: a 27-year study.
Oecologia 94: 278±285.
Choudhury, S., Black, J.M. & Owen, M. 1996. Body size, ®tness
and compatibility in barnacle geese Branta leucopsis. Ibis 138:
700±709.
Cowan, A.N. 1981. Size variation in the snow petrel (Pagodroma
nivea). Notornis 28: 169±188.
Croxall, J.P. 1982. Sexual size dimorphism in snow petrels
Pagodroma nivea. Notornis 29: 171±180.
Croxall, J.P. 1984 . Seabirds. In: Antarctic Ecology (R. M. Laws,
eds), pp. 533±619. Academic Press, London.
Darwin, C. 1871. The Descent of Man and Selection in Relation to Sex.
3 John Murray, London.
Davies, J.C., Rockwell, R.F. & Cooke, F. 1988. Body-size
variation and ®tness components in lesser snow geese (Chen
caerulescens caerulescens). Auk 105: 639±648.
Endler, J.A. 1986. Natural Selection in the Wild. Princeton
University Press, Princeton.
Falconer, D.S. 1981. Introduction to Quantitative Genetics. Longman, New York.
Guillotin, M. & Jouventin, P. 1980. Le peÂtrel des neiges aÁ Pointe
GeÂologie. Gerfaut 70: 51±72.
Isenmann, P. 1970. Contribution aÁ la biologie de reproduction
du peÂtrel des neiges (Pagodroma nivea Forster); le probleÁme de
la petite et de la grande forme. Oiseau 40: 99±134.
James, F.C. 1970. Geographic size variation in bids and its
relationship to climate. Ecology 51: 365±390.
Jouventin, P. & Viot, C.R. 1985. Morphological and genetic
variability of snow petrels Pagodroma nivea. Ibis 127: 430±441.
Lande, R. & Arnold, S.J. 1983. The measurement of selection on
correlated characters. Evolution 37: 1210±1226.
Larsson, K. & Forslund, P. 1992. Genetic and social inheritance
of body and egg size in the barnacle goose (Branta bernicla).
Evolution 46: 235±244.
Lynch, M. & Walsh, B. 1998. Genetics and Analysis of Quantitative
Traits. Sinauer.
Marchant, S. & Higgins, P.J. 1990. Handbook of Australian, New
Zealand and Antarctic Birds, Vol. 1. Part A. Oxford University
Press, Sydney.
Miller, R. 1981. G. Simultaneous Statistical Inference. Springer
Verlag, USA.
Monaghan, P. & Metcalfe, N.B. 1986. On being the right size:
natural selection and body size in the herring gull. Evolution
40: 1096±1099.
PreÂvost, J. 1969. A propos des peÂtrels des neiges de la Terre
AdeÂlie. Oiseau 39: 33±49.
Price, T.D. 1984. The evolution of sexual size dimorphism in
Darwin's ®nches. Am. Nat. 123: 500±518.

88

C. BARBRAUD

Price, T.D. & Boag, P.T. 1987. Selection in natural populations of
birds. In: Avian Genetics (F. Cooke & P. A. Buckley eds),
pp. 257±287. Academic Press, London.
Price, T.D. & Grant, P.R. 1984. Life history traits and natural
selection for small body size in a population of Darwin's
4 ®nches. Evolution 38: 483±494.
SAS Institute Inc. 1985. SAS/STAT User's Guide, Version 5. SAS
Institute Inc., Cary, NC, USA.
Schluter, D. 1988. Estimating the form of natural selection on a
quantitative trait. Evolution 42: 849±861.
Schluter, D. & Smith, J.N.M. 1986. Natural selection on
beak and body size in the song sparrow. Evolution 40:
221±231.

Smith, T.B. 1990. Natural selection on bill characters in the two
bill morphs of the African ®nch Pyrenestes ostrinus. Evolution
44: 832±842.
Warham, J. 1990. The Petrels: Their Ecology and Breeding Systems.
Academic Press, London.
Wiggins, D.A. 1992. Natural selection on body size and laying
date in the tree swallow. Evolution 45: 1169±1174.
Wikelski, M. & Trillmich, F. 1997. Body size and sexual size
dimorphism in marine iguanas ¯uctuate as a result of
opposing natural and sexual selection. an island comparison:
Evolution 51: 922±936.
Received 11 May 1999; accepted 5 July 1999

J. EVOL. BIOL. 13 (2000) 81±88 ã 2000 BLACKWELL SCIENCE LTD

