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Abstract.—Charadrii (shorebirds, gulls, and alcids) have an unusual diversity in their sexual size dimorphism, ranging
from monomorphism to either male-biased or female-biased dimorphism. We use comparative analyses to investigate
whether this variation relates to sexual selection through competition for mates or natural selection through different
use of resources by males and females. As predicted by sexual selection theory, we found that in taxa with socially
polygynous mating systems, males were relatively larger than females compared with less polygynous species. Fur-
thermore, evolution toward socially polyandrous mating systems was correlated with decreases in relative male size.
These patterns depend on the kinds of courtship displays performed by males. In taxa with acrobatic flight displays,
males are relatively smaller than in taxa in which courtship involves simple flights or displays from the ground. This
result remains significant when the relationship with mating system is controlled statistically, thereby explaining the
enigma of why males are often smaller than females in socially monogamous species. We did not find evidence that
evolutionary changes in sexual dimorphism relate to niche division on the breeding grounds. In particular, biparental
species did not have greater dimorphism in bill lengths than uniparental species, contrary to the hypothesis that
selection for ecological divergence on the breeding grounds has been important as a general explanation for patterns
of bill dimorphism. Taken together, these results strongly suggest that sexual selection has had a major influence on
sexual size dimorphism in Charadrii, whereas divergence in the use of feeding resources while breeding was not

supported by our analyses.
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Differences between males and females in body size are
striking in many animals. Several hypotheses have been ad-
vanced to explain sexual size dimorphism (reviewed by Hed-
rick and Temeles 1989; Shine 1989; Mueller 1990; Anders-
son 1994). Sexual selection was proposed originally by Dar-
win (1871). In particular, if competition between members
of one sex (typically males) is more intense than between
members of the other sex, then sexual selection is expected
to lead to larger size in the more competitive sex. The se-
lective advantage of body size, however, may depend on
whether the competition occurs on the ground or in the air
(Payne 1984; Jehl and Murray 1986; Hoglund 1989). In par-
ticular, if males fight on the ground, then large size may be
selectively advantageous, whereas if competition occurs in
the air, then small males may benefit from enhanced maneu-
verability (Andersson and Norberg 1981). This may help
males compete for territories, and females may prefer the
most acrobatic males (Hedenstrom and Mgl ler 1992; Granstal
1996; Hakkarainen et al. 1996).

Natural selection dueto ecological differences betweenthe
sexes is an alternative to sexual selection as a cause of sexual
dimorphism (Shine 1989; Andersson 1994). This could occur
in several ways. First, if both parents remain in the vicinity
of theyoung, there could be selection for divergent ecol ogical
specialisation through advantages of reduced competition be-
tween members of the pair if food is limiting (Selander 1972;
Shine 1989). Males and females often do exploit different
resources (e.g., Temeles and Roberts 1993; Pierre 1994; Aho
et al. 1997), but this cannot be taken as evidence in favor of

the intrapair competition hypothesis because cause and effect
are unclear. Note too that this hypothesis does not specify
the direction of dimorphism between the sexes; either males
or females may be the smaller sex. The second way in which
natural selection could explain sexual dimorphism is if one
sex (e.g., females) gains more in fecundity per unit body size
than the other sex gains through mating advantages (reviewed
in Andersson 1994). Thisis apt to be particularly true when
the female’ s body cavity limits egg production (e.g., in many
fishes and frogs) and when males invest more into searching
for and displaying to females than fighting for them. Third,
if only one parent provides care for the offspring, natural
selection to perform efficient care could influence its body
size. For example, large animals may be better at defending
nests from predators. In the case of raptors, where females
are more active in nest defense, this is one potential expla-
nation for females being larger than males (Mueller 1990).
Alternatively, small body size may be favored in the incu-
bating parent if this aids energetic efficiency (Jonsson and
Alerstam 1990).

The suborder Charadrii (shorebirds, gulls, and alcids, 365
species) is an excellent group to investigate hypotheses about
sexual size dimorphism because these birds show extreme
variation in dimorphism, encompassing nearly the entire
range found in birds (Jehl and Murray 1986). Furthermore,
among shorebirds, gulls, and alcids, there is unusually high
variation in sexual selection and parental care, including so-
cial monogamy, polygyny, and polyandry and biparental care,
male-only care, and female-only care (Erckmann 1983; Szék-
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ely and Reynolds 1995). The development of young is also
variable; in most sandpipers and allies the chicks are pre-
cocial, whereas in gulls and alcids the parents provision their
chicks for a substantial period of time. Thus, both the range
of dimorphism and of traits correlated with alternative hy-
potheses to explain it are broad enough to test for general
explanations.

The objective of this study isto investigate the significance
of both sexual and natural selection in the evolution of sexual
size dimorphism in Charadrii. Sexual selection theory pre-
dicts that the relative size of the more competitive sex should
increase with increasing competition for mates. The effect of
sexual selection is expected to be moderated by the type of
courtship display (Jehl and Murray 1986). We therefore test-
ed the prediction that in species in which males perform
acrobatic displays, the relative size of males should be less
than in species where males are less acrobatic. To investigate
the influence of natural selection through ecological spe-
cialization on the breeding grounds, we test the prediction
that bill length should be more sexually dimorphic in bipa-
rental species than in uniparental ones. This could be due to
selection to avoid competition between male and female par-
ents for food or differences in ecological efficiency irre-
spective of intrapair competition.

MATERIALS AND METHODS
Data and Phylogeny

Morphometric data (body mass, wing length, bill length)
and behavioral data (mating system, display type, parental
care) were collected from the literature (Appendix 1). Social
mating system was scored as polygynous (1), monogamous
(2), or polyandrous (3). These scores were based on statements
concerning mating system in primary sources or in reference
books (Cramp and Simmons 1983; Cramp 1985; Marchant
and Higgins 1993; Higgins and Davies 1996; del Hoyo et al.
1996, 1997; see Appendix 1). Display type of maleswas scored
as ground display (1); aerial nonacrobatic display (2); or aerial
acrobatic display (3). These scores were based upon Jehl and
Murray (1986, table 1V) and the sources given in Appendix
1. A display was considered to be acrobatic if it includes steep
dives and climbs, twists, and turns. Our display scores agreed
with the scores of an observer who was unaware of the ob-
jective of the study (nine of nine species). The duration of
care was scored separately for males and females as 0—7 (see
Székely and Reynolds 1995): if a sex neither incubates nor
attends the young it was scored 0 and if it attends the brood
until the chicks fledge it was scored 7.

The phylogeny initially was based on Reynolds and Szék-
ely (1997; see the rationale in Székely and Reynolds 1995).
We expanded this phylogenetic framework by adding Attagis,
Himantopus, Recurvirostra, Burhinus, Chionis, and Laroidea
(pratincoles, gulls, and alcids, Fig. 1). The phylogenetic po-
sitions of these genera are given by Sibley and Ahlquist
(1990, figs. 363—-365). Borowik and McLennan (1999) have
recently proposed two new phylogenetic hypotheses for cal-
idrine sandpipers, based on molecular evidence. We under-
stand that work is continuing in this clade, but we have adopt-
ed their provisional hypotheses and used them to replace
Baker's (1992) earlier calidrine phylogeny, which had been
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used by Reynolds and Székely (1997). In fact, we repeated
all analyses using the original calidrine phylogeny embedded
in the tree shown here, and found no differencesin theresults
(not shown). Furthermore, although we provide only the re-
sults from the maximum-likelihood phylogeny of Borowik
and McLennan (1999), tests with their maximum-parsimony
tree also produced consistent results with the ones shown.
Thus, although the phylogeny is still in a state of flux, our
results are robust for the phylogenetic hypotheses that have
been published to date.

In some clades the mating system and display type were
highly conservative. For example, in stone-curlews, oyster-
catchers, terns, and alcids both the social mating system and
display type are invariable (Cramp and Simmons 1983;
Cramp 1985; del Hoyo et al. 1996; Higgins and Davies 1996).
From these genera we chose a single representative for which
the most information was available; adding more species
would not yield more comparisons for these analyses. Several
species from a genus were included if they had different
mating behaviors or display types (e.g., Scopolax, Coeno-
corypha, Gallinago, Calidris, Larus).

To reduce sampling errorsin morphometric measurements,
we included only those species for which at least five males
and females each were measured, except for Calidris ptil-
ocnemis, Gallinago media, and Thinocorus rumicivorus, for
which the sample sizes were not provided in the original
sources. If several sets of data were available for a species,
we used the ones that were taken during the breeding season
or that were based on the largest sample. Taxon names are
used as given by Monroe and Sibley (1993).

Phylogenetic Analyses

Comparative analyses of mating system and display type
were carried out in two ways. First, we used Felsenstein’s
(1985) method and evaluated phylogenetically independent
contrasts (* ‘ contrasts,”” hereafter) in morphology, mating sys-
tem, and display type asimplemented by Purvis and Rambaut
(1995). This method incorporates phylogenetic relationships
into statistical analyses to ensure that the degrees of freedom
are not inflated by nonindependent samples (Harvey and Pa-
gel 1991). Body mass, wing length, and bill length were log
transformed (base 10). We considered mating system and
display type as categorical variables, and we split them into
two dummy variables each (Zar 1996). In case of mating
system, these variables allowed us to calculate the transitions
between taxa toward either a greater amount of polygyny or
toward a greater amount of polyandry. In case of display
type, the dummy variables allowed us to calculate the tran-
sitions between taxa toward either ground display or toward
acrobatic displays. The dummy variableswere analysed using
the Crunch option of CAIC (Purvis and Rambaut 1995; see
also Mgller and Birkhead 1993; Martin and Clobert 1996;
Badyaev 1997). This approach involves comparisons between
all nodes in the tree and, as such, makes more assumptions
than when comparisons are restricted to terminal taxa (see
also Harcourt et al. 1995). We therefore repeated our analyses
restricting the comparisons to terminal taxa, that is, without
comparing internal nodes (see below). Branch lengths were
set to unity (Purvis and Rambaut 1995) because branch
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Pterocles orientalis

Irediparra gallinacea
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I": Thinocorus rumicivorus
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"E Calidris mauri

- Calidris melanotos
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Calidris alba

Cadlidris minutilla
Calidris fuscicollis
Vanellus vanellus
Vanellus spinosus
Charadrius alexandrinus
Charadrius dubius
Eudromias morinellus
Pluvialis apricaria
Haematopus ostralegus
Himantopus himantopus
Recurvirostra avosetta
Burhinus grallarius
Chionis alba

Glareola maldivarum
Stiltia isabella

Dromas ardeola

Uria aclge

Cephus grylie

Fratercula arctica
Catharacta maccormicki
Sterna hirundo

Larus argentatus

Larus minutus

Fic. 1. Phylogeny of Charadrii (see Materials and Methods for justification).
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lengths between many nodes were not known. An assumption
of Felsenstein’s (1995) method is that the absolute values of
the contrasts are independent of their standard deviations
(Garland et al. 1992; Purvis and Rambaut 1995). This as-
sumption was met by all continuous variables.

Univariate and multivariate regressions between contrasts
were forced through zero (Harvey and Pagel 1991; Garland
et al. 1992), and we report r, the correlation coefficient, and
Fdf regression,df error- EVOlUtionary differences (i.e., contrasts) in
size were highly correlated between males (dependent vari-
ables) and females (body mass: r = 0.983, F; 56 = 1619.252,
P < 0.0001; wing length: r = 0.985, F; 5, = 2030.772, P <
0.0001). The residuals of these regressions were used as the
measures of sexual size dimorphism. The dummy variables
representing either the mating system or the display type were
entered in one step into the models and we provide the sta-
tistics for each.

We also investigated the relationships between dimor-
phism, mating system and display type by controlling for the
effects of either mating system or display type in multiple
regressions. In the latter analyses the change in r2 (r2ange)
and the value of F (Fnange) due to either the mating system
or the display were calculated as given by NoruSis (1988).
All multivariate models of mating system and display type
were repeated by excluding contrasts that had zero valuesin
both dummy variables to improve homoscedascity. The ex-
clusion of these contrasts does not change our conclusions
(results not shown).

We also analyzed the relationships between sexual size
dimorphism, mating system, and display type by paired tests
(Briskie et al. 1994; Harvey and Nee 1997), that is, without
reconstructing internal nodes. Residual male mass and wing
length were calculated by regressing male measurements onto
female measurements using only the species given in Ap-
pendix 2. For the analyses of mating system, we chose species
pairs in which female-female competition in one species was
expected to be more intense (i.e., the species was more socially
polyandrous) than in the other in which the intensity of male-
male competition was expected to be more intense (i.e., more
polygynous). Examples of species pairs that conformed to this
criterion were polyandrous-monogamous, polyandrous-polyg-
ynous, and monogamous-polygynous (Appendix 2a). If sev-
eral species were available for a pair, then the mean of the
species were included. For the analyses of display type we
chose species pairs in which the display behavior was dif-
ferent (Appendix 2b). Because mating system was related to
dimorphism (see Results), we controlled for mating systems
by choosing pairs in which both members of the pair had a
similar social mating system (e.g., both monogamous or po-
lygynous). If several species were available for the analyses,
we used their means in the analyses.

The niche-division hypothesis was analysed by using di-
morphism in bill length and the duration of parental carein
two ways. First, we performed separate analyses on each sex
to obtain phylogenetically independent contrasts in bill
length. Then we regressed the contrasts in male bill length
onto contrasts in female bill length (r = 0.988, F;60 =
2410.370, P < 0.0001) and we retained the residuals of the
regression (bill dimorphism). The absolute value of these
contrasts indicates the extent of change in dimorphism (ab-
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solute bill dimorphism), because a large residual value in
either a negative or positive direction indicates a large evo-
lutionary difference. Next, we regressed contrasts in the du-
ration of male care onto contrasts in the duration of female
care (r = —0.431, F; ¢ = 13.700, P = 0.0005). Scores of
care duration had been arcsine transformed, that is, we took
the arcsine of the square root of the score of duration of care
divided by the score of maximum duration of care (score =
7). We used residuals from this regression (residual care).
Positive residuals indicate relatively more biparental carefor
a given level of female care and negative residuals indicate
the opposite. Finally, the absolute bill dimorphism cal cul ated
above was regressed onto residual care and we report the
statistics of this regression. Absolute bill dimorphism was
analyzed by a nonzero intercept model of linear regression
because the direction of subtraction between two nodes was
no longer arbitrary (asin standard analyses of contrasts; Gar-
land et al. 1992); rather, all contrasts were made positive.

The second way of analyzing niche division involved
paired comparisons whereby higher nodes were not recon-
structed. Instead, species pairs were selected in which one
member of the pair had a longer period of biparental care
than the other (Appendix 2c). If several species were avail-
able for the analyses (i.e., having an identical duration of
biparental care) we took their means. Male bill length was
regressed onto femal e bill length and the residual sweretaken.
We made the residuals positive and compared them using
paired tests between more biparental and less biparental spe-
cies. All variants of the niche-division hypothesis predict that
larger residuals should be observed in the more biparental
species than in the less biparental one. In addition, because
mating system is related to dimorphism (see Results), we
also selected species pairs in which the mating system of
both members of the pair was similar and repeated the pre-
ceding analysis with this reduced data set (Appendix 2d).

Mean = SE as well as the probabilities of two-tailed tests
are given throughout the paper. Nonparametric tests were
used if the standard assumptions of parametric tests were not
met.

REsuLTS

Correlations among Forms of Dimorphism

Differences in dimorphism of body mass, wing length, and
bill length were highly correlated as follows: mass dimor-
phism (dependent variable) and wing dimorphism: r = 0.848,
Fi1s6 = 143.602, P < 0.0001; mass dimorphism and bill
dimorphism: r = 0.756, F; 55 = 74.590, P < 0.0001; wing
dimorphism and bill dimorphism: r = 0.675, F; ¢, = 51.777,
P < 0.0001.

Mating System

Evolutionary differences in mating system were related to
changes in dimorphism in the manner predicted by sexual
selection (Table 1; mass: r2 = 0.139, Fo55 = 4.426, P =
0.017; wing length: r2 = 0.299, F, g0 = 12.779, P < 0.0001).
In particular, the partial correlation coefficients in Table 1
show that changes toward a more polygynous mating system
corresponded with increasesin mass and wing length of males
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TaBLE 1. Partia correlation coefficients (r) between phylogenetic contrasts in sexual size dimorphism (dependent variable, male vs. female)
and mating system and display type (independent variables). Mating system and display type are represented by two dummy variables each
(see Materials and Methods for details). F- and P-values are provided for the four models as well as for each dummy variable.

Dimorphism in body mass

Dimorphism in wing length

r F P r F P
Mating system! 4.426 0.017 12.779 <0.0001
Toward polygyny 0.308 6.290 0.015 0.370 12.517 0.0008
Toward polyandry -0.177 2.036 0.159 —0.362 11.717 0.001
Display type? 10.840 0.0001 12.808 <0.0001
Toward ground display 0.074 0.342 0.561 —0.041 0.115 0.736
Toward acrobatic display —0.495 15.579 0.0002 —0.570 22.165 <0.0001

1 The degrees of freedom (regression, error) of the models are 2, 55 (body mass) and 2, 60 (wing length).
2 The degrees of freedom of the models are 2, 54 (body mass) and 2, 58 (wing length).

relative to females, whereas evolutionary differences toward
a more polyandrous mating system corresponded with re-
ductionsin wing length of malesrelative to females, although
the mass relationship was not significant (Table 1). These
resultswere confirmed by paired tests (Appendix 2a), because
males were relatively smaller in more polyandrous species
than in more polygynous ones (Fig. 2; Wilcoxon matched-
pairs tests, mass dimorphism: z = 2.291, n = 14, P = 0.022;
wing dimorphism: z = 2.627, n = 17, P = 0.009).

These changes in dimorphism may be caused by sexual
selection acting either on males or on females. To investigate
these possibilities, we excluded either the socially polyan-
drous or polygynous species from the analyses. In both cases
the relationships remained highly significant between mating
system and dimorphism: with polyandrous species excluded,
for mass dimorphism: r? = 0.130, F; 43 = 7.158, P = 0.010;
for wing dimorphism: r? = 0.192, F;s3 = 12.564, P =
0.0008; with polygynous species excluded, for mass dimor-
phism: r2 = 0.139, Fy 45 = 7.238, P = 0.010, and for wing
dimorphism r? = 0.506, F; 50 = 51.227, P < 0.0001.

Display Type

Evolutionary differences in display behavior were asso-
ciated with changes in male:female body mass and wing

008 7
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Fic. 2. Paired comparisons of sexual dimorphism between more
polygynous and more polyandrous species. Means + SEs of resid-
uals from regressions of male contrasts versus female contrasts are
shown for body mass (black, n = 14) and wing length (gray, n =
17).

length (Table 1; mass dimorphism: r2 = 0.287, Fy54 =
10.840, P = 0.0001; wing dimorphism: r? = 0.306, F,sg =
12.808, P < 0.0001). In particular, changes toward acrobatic
displays corresponded with decreases in mass and wing
length of males relative to females (Table 1). These results
were confirmed by paired tests (Appendix 2b, Fig. 3): Inmore
acrobatic taxa, males were smaller (relative to females) than
in less acrobatic taxa (Wilcoxon matched-pairs tests, mass
dimorphism: z = 2.497, n = 10, P = 0.0125; wing dimor-
phism: z = 2.589, n = 12, P = 0.0096).

We also investigated whether the reductions in male:fe-
male dimorphism were related specifically to acrobatic dis-
plays. When taxa exhibiting acrobatic displays are excluded
and comparisons restricted to species exhibiting ground ver-
sus nonacrobatic aerial displays, the relationship is no longer
significant between dimorphism and display behavior (mass
dimorphism: r2 = 0.002, F; 3 = 0.049, P = 0.826; wing
dimorphism: r2 = 0.003, F; 3; = 0.028, P = 0.867). In con-
trast, exclusion of ground displaying species does not change
the relationship (mass dimorphism: r2 = 0.315, Fj49 =
18.348, P = 0.0001; wing dimorphism: r2 = 0.415, Fy4; =
29.120, P < 0.0001). These results match the partial corre-
lation coefficients in Table 1, suggesting that the reduction
in relative male size is not just related to the evolution of
aerial displays, but of acrobatic displays in particular.

0.08 1
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0.04
0.02
0.00

-0.02

-0.04

Residual (male:female)

-0.06 -

-0.08

Less acrobatic More acrobatic

Fic. 3. Paired comparisons of sexual dimorphism between taxa
where males are more or less acrobatic. Means = SEs of residuals
from regressions of male contrasts versus female contrasts are
shown for body mass (black, n = 10) and wing length (gray, n =
12).
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Finally, we investigated the relationships between evolu-
tionary differences in display type and dimorphism by sta-
tistically controlling for mating system (full models that in-
cluded both mating system and display type: mass dimor-
phism: r2 = 0.439, F,5, = 10.172, P < 0.0001 ; wing di-
morphism: r2 = 0.575, F455 = 18.634, P < 0.0001). These
models showed that the relationship between evolutionary
differencesin dimorphism and display type remain significant
once mating system is controlled for (mass dimorphism:
Ichange = 0.300, Fepangeosn = 13.623, P < 0.001, wing di-
morphism: r2ange = 0.306, Fenanger 54 = 19.471, P < 0.001).
Furthermore, the relationship between evolutionary differ-
ences in dimorphism and mating system remains significant
once display typeis controlled for (mass dimorphism: r2;nange
= 0.153, Fehangez 51 = 6.932, P < 0.005, wing dimorphism:
Ichange = 0.266, Fenangensa = 16.902, P < 0.001).

Niche Division

Relationships between biparental care and bill dimorphism
were investigated by three analyses, none of which supported
the hypothesis that selection for niche division on the breed-
ing grounds has influenced overall patterns of sexual dimor-
phism in bill length. First, differences among taxain absolute
bill dimorphism were not related to evolutionary differences
in residual parental care (absolute bill dimorphism = 0.0102
— [0.0010 X residual care], r2 = 0.003, F159 = 0.165, P =
0.687). Second, in paired tests (Appendix 2c), bill dimor-
phism did not differ between more biparental species (mean
= 0.0183 = 0.0017) and less biparental ones (0.0255 =+
0.0047; Wilcoxon matched-pairs test, z = 1.167, n = 19, P
= 0.243). Third, we repeated the preceding analysis using
species pairs in which the mating system of the species pairs
was similar (Appendix 2d). Bill dimorphism remained non-
significantly different between these species pairs (more bi-
parental species: mean = 0.0201 = 0.0026, less biparental
species: 0.0187 = 0.0040, Wilcoxon matched-pairs test, z =
0.445, n = 11, P = 0.657).

Discussion

Our results are consistent with the hypothesis that sexual
size dimorphism has evolved in Charadrii due to sexual se-
lection. In particular, mating system was an important pre-
dictor of dimorphism, with increasesin the intensity of male-
male competition matching increases in body mass and wing
length of males relative to females and vice versa for in-
creases in female competition, although the trend was not
significant for mass. The relationship with female-female
competition contrasts with the conclusion of Mueller (1990),
which was based mainly on raptors, that competition for
males does not select for large size in females. Our results
are consistent between two kinds of phylogenetic analyses
and three phylogenetic hypotheses.

Our results are also consistent with the hypothesis that
acrobatic displays select for small size in males (Andersson
and Norberg 1981; Payne 1984; Jehl and Murray 1986). This
finding matches single-species studies in shorebirds and rap-
tors, which indicate that small size is advantageous in per-
formance of acrobatic aerial displays (Blomqvist et al. 1997)
and that performance of such displays correl ates with mating
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success (Granstal 1996; Hakkarainen et al. 1996). Our results
thus provide the first quantitative support in a phylogenetic
framework for Jehl and Murray’s (1986) hypothesis that sex-
ual size dimorphismislinked to aerial displaysin shorebirds.
Our findings also support the study by Figuerola (1999) of
monogamous shorebirds. He found that males were smaller
in acrobatic species than in nonacrobatic ones. Our results
extend these previous studies by showing (1) it is not simply
the presence or absence of aerial displays that matters, but
specifically the presence of acrobatic displays that matches
reduced male size relative to females; (2) the pattern remains
significant when the effects of mating systems are controlled
statistically; and (3) the results hold for Charadrii in general.

None of our analyses support the niche division hypothesis.
Thus, selection for different niche utilization between males
and females on the breeding grounds does not explain the
observed variation in dimorphism in Charadrii. There may
be several reasons for this. First, in many biparental shore-
birds and gulls only one parent attends the chicks at a time,
whereas the other one feeds away from the territory. This
would reduce selection for different aspects of morphology
such as bill lengths of males and females. Second, resources
may be abundant or vary in space or time, again resulting in
low selection for different feeding methods and morphologies
associated with them. Third, competition with other individ-
ualsin the population aswell aswith other speciesthroughout
the year may be more important than competition within a
pair during the breeding season. Thus, although there may
be selection and adaptations for males and females to utilize
different resources in some Charadrii, we conclude that niche
utilization on the breeding grounds does not provide ageneral
explanation for the patterns of size dimorphism in this clade.

Other hypotheses of size dimorphism, which focus on the
fact that selection should act on each sex separately (Reyn-
olds and Harvey 1994), remain to be tested. Thus, although
the patterns shown here support a role for sexual selection,
they could be driven by changes in morphology of either or
both sexes, which would need to be analyzed in conjunction
with additional variables not included here. For example,
female size may be selected to increase fecundity or egg size
(Selander 1972). Several studies have shown that larger fe-
male shorebirds lay larger eggs (e.g., Sandercock 1998).
However, Olsen and Cockburn (1993) and Weatherhead and
Teather (1994) analyzed the patterns of size dimorphism and
body and egg mass in waders and other birds and did not
find evidence to support this hypothesis, although their anal-
yses did not incorporate phylogenetic relatedness. It has also
been suggested that dimorphism in feeding apparatus such
as in bill morphology may have evolved through adaptation
by each sex to exploit different resources (Jonsson and Al-
erstam 1990). For example, in dunlin Calidris alpina, the
male stays with the chicks in a terrestrial habitat, while the
female deserts her brood and feeds on mudflats. Thus, the
size of the male’s bill may be adapted to exploit terrestrial
food, whereas female bills are better suited for probing in
mud. Our finding that bill dimorphism was not greater in less
biparental species does not support this hypothesis as a gen-
eral explanation, although if sufficient data were available,
it would be better to compare bill dimorphism directly with
feeding habits of male and female birds.
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Our study has focused on selective forces that may operate
during the breeding season. Nevertheless, shorebirds, gulls,
and alcids spend considerable amounts of time, often up to
10 months, away from their breeding areas. Thus, the eco-
logical conditions they face during migration and winter may
differ substantially between the breeding and the nonbreeding
seasons. For example, males and females may use different
sites or habitats during migration and winter (Ketterson and
Nolan 1983). Future comparative analyses are required to
test how natural selection to exploit the resources over the
nonbreeding season may have shaped dimorphism in Char-
adrii. For instance, future studies may investigate whether
different migratory and wintering strategies select for a par-
ticular morphological difference between the sexes.

In conclusion, our study supportsarolefor sexual selection
in the evolution of sexual size dimorphism in Charadrii, and
specifically the importance of acrobatic aerial displays caus-
ing males to evolve a smaller size than females. There is a
limit to how far one can disentangle effects of sexual and
natural selection, because sex differences in habitat use and
migration are apt to be an outcome of the interplay between
sexual selection and parental care (Reynolds and Székely
1997). Nevertheless, patterns of bill dimorphism do not sup-
port the hypothesis that selection for niche division through
intrapair competition while breeding has been important, al-
though we cannot rule out a role for other aspects of eco-
logical specialization during the nonbreeding season.
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APPENDIX 1

Data used in the analyses and data sources. MG, socially monogamous; PG, socially polygynous; PA, socially polyandrous; AC, acrobatic
aerial display; NA, nonacrobatic aerial display; GR, ground display. See text for explanation of parental care scores. References: (1) Blake
1977; (2) Byrkjedal et al. 1997; (3) Colston and Burton 1988; (4) Cramp and Simmons 1983; (5) Cramp 1985; (6) Dunning 1993; (7) Higgins
and Davies 1996; (8) del Hoyo et al. 1996; (9) Jehl 1973; (10) Jehl and Murray 1986; (11) Jenni and Collier 1972; (12) Johnsgard 1981; (13)
MacL ean 1969; (14) Marchant and Higgins 1993; (15) Myers et al. 1982; (16) Oliver 1955; (17) Pitelka et al. 1974; (18) Poole and Gill 1992;
(19) Prater et al. 1977; (20) Saether et al. 1986; (21) Székely and Reynolds 1995; (22) Tarboton and Fry 1986; (23) Tomkovich 1989; (24)
Urban et al. 1986; (25) Walters 1982.

Body mass Wing length Bill length
(9) (mm) (mm) Mating Care duration
Species Male Female Male Female Male Female system Display Male Female References
Aphriza virgata 186.8 216.3 171.8 178.8 24.1 26.5 MG AC 7 7 8, 18
Arenaria interpres 108 113 155 157 22.4 22.8 MG AC 7 4 4,10, 21
Attagis gayi 191 191.3 23.8 24.3 MG 1,8
Burhinus grallarius 6715 625.3 278.8 272 49.2 48.7 MG GR 7 7 14, 21
Calidris acuminata 70.3 63.5 140 130 26.3 24.7 PG NA 0 7 3,4,12,17, 21
Calidris alba 52.8 55.4 125 130 25.6 26.4 MG AC 7 0 4,21
Calidris alpina 41 45.1 112 116 26.1 29.5 MG AC 6 4 4, 21
Calidris bairdii 39.3 39.7 125 129 22.3 23.8 MG AC 7 4 4,10, 17, 21
Calidris canutus 126 148 169 173 32.6 34.4 MG AC 7 6 4,21
Calidris ferruginea 63.2 63.3 132 133 36.2 40.1 PG AC 0 7 4,10, 17, 21
Calidris fuscicollis 39.7 45.8 122 125 23.2 24.4 PG AC 0 7 4,16, 18, 21
Calidris maritima 67.6 76.3 127 132 27.5 32 MG AC 7 3 3, 4,10, 21
Calidris mauri 28 31 97.1 101 23.1 26.7 MG AC 7 4 3,4,7, 10, 17, 21
Calidris melanotos 97.8 65.1 144 131 29.6 27.7 PG NA 0 7 4,10, 17, 21
Calidris minutilla 20.3 22.2 89.8 91.6 18.2 19.5 MG AC 7 5 4,18, 21
Calidris ptilocnemis 76.3 83 121.3 1255 26.8 29.8 MG AC 7 4 6, 15, 19
Calidris pusilla 25 27 959 100.1 18.6 20.2 MG AC 6 5 3,4,10, 17, 21
Calidris ruficollis 25.7 26.6 103.5 106.2 175 18.7 MG AC 7 4 3, 4,10, 17, 21
Calidris subminuta 29 32 93.1 95 17.8 18.8 MG AC 7 4 4, 15, 23
Calidris tenuirostris 156 174 185 192 42.1 43.8 MG AC 7 3 4,15
Catharacta maccor micki 1277 1421 410 415 49.4 50.9 MG AC 7 7 7
Cepphus grylle 376 380 160 160 29.8 29.8 MG GR 7 7 5
Charadrius alexandrinus 48.2 47.1 111 112 15.4 15.2 PA NA 7 4 4,21
Charadrius dubius 38.3 39.2 117 116 12.7 12.9 MG NA 7 4 4,21
Chionis alba 735 638 253 242 34.4 32 MG GR 7 7 14, 21
Coenocorypha aucklandica 101.2 116.1 106.2 109.2 57.5 60.9 PG AC 7 7 7,21
Coenocorypha pusilla 75.9 85.4 99.9 100.5 43.6 44.4 MG AC 7 7 7,21
Dromas ardeola 215 215 58.1 56.8 GR 4,10
Eudromias morinellus 100 117 151 155 15.9 16.8 PA NA 7 0 4,21
Fratercula arctica 398 368 165 161.4 46.1 43.4 MG GR 7 7 5
Gallinago gallinago 111 128 134 134 66.6 68.5 MG AC 7 7 4,21
Gallinago media 155 175 144 146 61.2 64.7 PG GR 0 7 4, 10, 20, 21
Glareola maldivarum 76.8 75.2 185.2 182.9 15.1 15.5 MG NA 7 7 7, 10, 21
Haematopus ostralegus 500 536 254 255 69.6 78.4 MG AC 7 7 4,10, 21, 24
Himantopus himantopus 164 157 247 232 63.7 61.1 MG NA 7 7 4,14, 21
Irediparra gallinacea 84 143 121.8 141.1 25.4 29.2 PA GR 7 0 8, 14, 21
Jacana spinosa 86.9 145.4 120.3 135.3 17.8 19.3 PA GR 7 0 1,811, 21
Larus argentatus 977 813 425 404 53.2 48.9 MG GR 7 7 4
Larus minutus 99 98 225 218 22 21.8 MG NA 7 7 4
Limicola falcinellus 105 110 30.4 33.5 MG AC 7 4 4,7
Limosa limosa 264 315 207 218 92.1 107 MG AC 7 7 4,21
Micropalama himantopus 55.8 60.4 132 134 39.5 41.3 MG AC 7 4 4,9,17, 21
Microparra capensis 86.8 90.6 15.6 16.2 MG GR 7 7 21, 22, 24
Numenius arquata 662 788 292 310 118 137 MG AC 7 6 4,21
Pedionomus torquatus 54 72.4 88.9 96.5 12.3 12.8 PA GR 7 0 14, 21
Phalaropus lobatus 324 37.4 108 114 21.1 21.4 PA NA 7 0 4,21
Philomachus pugnax 199 118 191 158 35 30.9 PG GR 0 7 4,21
Pluvialis apricaria 175 176 190 190 21.8 21.6 MG NA 7 6 4,21
Pterocles orientalis 428 383 237 228 13.4 13.4 MG 7 7 5
Recurvirostra avosetta 226 225 86.1 78.3 MG GR 7 7 4,21
Rostratula benghalensis 146 159 129.4 139.7 48.9 50.6 PA GR 7 0 4,14, 21
Rostratula semicollaris 103.9 107 42.3 42.7 MG 7 7 1,8, 21
Scolopax minor 168.4 210.5 128 142 63.9 715 PG AC 2 7 10, 18, 21
Scolopax rusticola 306 313 202 200 70.9 73.5 PG NA 0 7 4,21
Serna hirundo 124 126 272 270 37.1 35.2 MG NA 7 7 5
Stiltia isabella 66 65 203.3 194.7 17.2 16.7 MG GR 7 7 7
Thinocorus rumicivorus 49 60 114 115.6 14 14.3 MG NA 0 7 1, 10,13
Tringa hypoleucos 45,5 50 112 112 24.6 24.5 MG NA 7 5 4,21
Tringa macularia 36.9 48 105 109 23.2 24.1 PA GR 7 0 4,10, 21
Tringa totanus 123 135 159 161 41.7 42.7 MG AC 7 6 4,21
Tryngites subruficollis 70.5 53 136 129 20.1 18.5 PG GR 0 7 4, 10, 17
Uria aalge 1007 994 212 216 49.4 46.6 MG GR 7 7 5
Vanellus spinosus 191.5 183.8 203 200.7 27.2 26.7 MG NA 7 7 4,21, 25
Vanellus vanellus 211 226 229 224 24.1 23.9 PG AC 7 6 2,4, 21
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of biparental care (d), we chose species pairs in which the social mating system was similar between species of a given pair.

a
More polygynous

More polyandrous

Microparra capensis
Scolopax minor, S rusticola
Rostratula semicollaris
Thinocorus rumicivorus, Attagis gayi
Coenocorypha aucklandica
Gallinago media

Tringa totanus

Tringa hypoleucos
Philomachus pugnax
Calidris acuminata

Calidris ferruginea
Tryngites subruficollis
Calidris melanotos

Calidris fuscicollis
Vanellus vanellus
Charadrius dubius

Pluvialis apricaria

b

Irediparra gallinacea

Jacana spinosa

Rostratula benghalensis

Pedionomus torquatus

Coenocorypha pusilla

Gallinago gallinago

Phalaropus |obatus

Tringa macularia

Aphriza virgata, Calidris tenuirostris, C. canutus
Limicola falcinellus

Calidris subminuta, C. ruficollis

Calidris ptilocnemis, C. maritima, C. alpina
Calidris pusilla, C. mauri

Calidris minutilla

Vanellus spinosus

Charadrius alexandrinus

Eudromias morinellus

Less acrobatic display More acrobatic display Mating system
Microparra capensis Thinocorus rumicivorus monogamous
Scolopax rusticola Scolopax minor polygynous
Gallinago media Coenocorypha aucklandica polygynous
Tringa hypoleucos Tringa totanus monogamous
Philomachus pugnax Calidris acuminata polygynous
Tryngites subruficollis Calidris ferruginea polygynous
Calidris melanotos Calidris fuscicollis polygynous
Recurvirostra avosetta Haematopus ostralegus monogamous
Burhinus grallarius Pluvialis apricaria monogamous
Stiltia isabella Glareola maldivarum monogamous
Serna hirundo Catharacta maccormicki monogamous
Larus argentatus Larus minutus monogamous
C.

Less biparental More biparental
Jacana spinosa Pterocles orientalis
Irediparra gallinacea Microparra capensis
Rostratula benghalensis Rostratula semicollaris
Pedionomus torquatus, Thinocorus rumicivorus Coenocorypha aucklandica, C. pusilla
Scolopax rusticola Scolopax minor
Gallinago media Gallinago gallinago
Phalaropus |obatus Limosa limosa
Tringa macularia Tringa hypoleucos
Philomachus pugnax Arenaria interpres
Calidris tenuirostris Aphriza virgata
Calidris acuminata Limicola falcinellus
Calidris ferruginea Calidris subminuta, C. ruficollis
Calidris maritima Calidris ptilocnemis
Tryngites subruficollis Calidris alpina
Calidris mauri Calidris pusilla
Calidris melanotos Calidris bairdii
Calidris fuscicollis Calidris minutilla
Vanellus vanellus Vanellus spinosus
Eudromias morinellus Pluvialis apricaria
d.

L ess biparental More biparental Mating system
Thinocorus rumicivorus Microparra capensis, Rostratula semicollaris monogamous
Scolopax rusticola Scolopax minor polygynous
Gallinago media Coenocorypha aucklandica polygynous
Numenius arquata Limosa limosa monogamous
Tringa hypoleucos Tringa totanus monogamous
Calidris tenuirostris Aphriza virgata monogamous
Calidris maritima Calidris ptilocnemis monogamous
Calidris mauri Calidris pusilla monogamous
Calidris alba Calidris minutilla monogamous
Charadrius dubius Vanellus spinosus monogamous
Pluvialis apricaria Haematopus ostralegus, Himantopus himantopus, monogamous

Recurvirostra avosetta




