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The evolution of sexual bill-size dimorphism in
shorebirds: a morphometric test of the
resource partitioning hypothesis
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ABSTRACT

Question: Is sexual dimorphism in shorebirds an adaptation to reduce resource competition
between males and females?

Hypothesis: If selection for resource partitioning between the sexes has contributed to
dimorphism, then the degree of sexual size dimorphism (SSD) in resource-exploiting characters
—such as those related to feeding — should exceed that expected from sexual selection alone.

Data: Morphometric data from 151 species of shorebirds (Charadriiformes).

Methods: We compared the degree and direction of SSD between a resource-exploiting trait
(bill length) and a non-resource-exploiting trait (body size). If bill-SSD exceeds body size-SSD,
then resource partitioning may contribute to morphological differentiation of the sexes in
shorebirds. We also tested whether SSD is more pronounced in migrant than non-migrant
species.

Conclusions: From species level data it appears that bill dimorphism is more pronounced than
body size dimorphism, and is more common in migrant than non-migrant shorebirds. This
observation from extant taxa suggests a role for resource partitioning in promoting SSD.
The phylogenetic effect on both of these correlations is significant, however, to the extent that
shared ancestry, rather than contemporary selection, is sufficient to explain why resource-
exploiting traits and migrants are more sexually dimorphic.

Keywords: bird migration, resource partitioning hypothesis, sexual bill-size dimorphism, sexual
selection, shorebirds.

INTRODUCTION

In many animal species, males and females are not noticeably different in size, yet in others
the sexes are dramatically different. Sexual size dimorphism (SSD) occurs in a wide range of
invertebrates and vertebrates (Fairbairn et af, 2007). Variation in SSD is often attributed to sexual
selection — either in response to female choice or in response to male-male competition,

with males typically larger than females (Andersson, 1994).
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However, sexual selection does not underlie all instances of SSD. For example, female
sea kraits tend to have relatively larger heads than males, and they forage on larger sized
prey (Shetty and Shine, 2002). Cases where sexual dimorphism is functionally associated with
resource use suggest that natural selection rather than sexual selection is a driving force. An
alternative explanation for SSD is therefore that the sexes are selected to reduce inter-sexual
competition by specializing on different ecological niches (Shine, 1989), particularly foraging
niches (Selander, 1966; Slatkin, 1984; Hedrick and Temeles, 1989).

Sexual size dimorphism is common in birds. In fact, the discovery of the astonishing
range of bill sizes and shapes in the Geospiza finches played a major role in developing
Darwin’s theory of evolution by natural selection. Since then, studies on intra- and inter-
specific variation in bill morphology have contributed to our understanding of natural and
sexual selection for SSD (Price, 1984; Smith, 1993; Grant and Grant, 2003; Temeles et al, 2010). Despite
this understanding, large-scale tests of the resource partitioning hypothesis remain rare
because data on measures of natural versus sexual selection are not typically available for
whole clades, and even for single species it is difficult to link sexual differences in trophic
morphology to sexual differences in resource use (Shine, 1989; Temeles et al., 2000, 2010).

Once sexual selection has given rise to body size differences between males and females,
further divergence in bill morphology may occur as a result of competition for trophic
resources (Price, 1984). Thus, any selection for sex-biased foraging to reduce intra-specific
competition should affect bill morphology in particular, and thus the degree of SSD for this
trait should exceed that explained by sexual selection on body size alone (Selander, 1966, 1972).

Here we test the resource partitioning hypothesis in shorebirds, which represent several
clades within the order Charadriiformes. Besides shorebirds, the Charadriiformes
include gulls, terns, and alcids (Thomas er al, 2004). Shorebirds predominantly use inland
and coastal wetlands, while species in the other clades are marine birds, and as such are
not included in our analyses. Shorebirds are a suitable model to test the idea that
resource partitioning is important to sexual dimorphism because species in this clade
show extreme variation in SSD (Jehl and Murray, 1986). Moreover, the clade is species-rich and an
estimate of the complete phylogeny is available, making a large-scale comparative analysis
possible.

We define SSD as dimorphism between the sexes in any body size metric, not just body
size per se, which differs from prevailing usage, which tends to refer to dimorphism in
body size only. Sexual size dimorphism in body size in shorebirds has been attributed to
sexual selection (Székely er o, 2000). However, if bill-SSD exceeds that observed for other
measures of body size, or if the direction of dimorphism is opposite between trophic (bill)
and non-trophic (tarsus) characters, then sexual selection alone is unlikely to account
for the full range of size dimorphisms. Moreover, if natural selection is important for
generating SSD in bill length, then we predict that bill-SSD will vary as a function of
migratory status.

Two migration scenarios are possible: a high degree of bill-SSD evolves more often in
resident species where males and females share feeding habitat throughout the year, and
where competition is thus likely to be more persistent. Alternatively, bill-SSD may evolve
as a result of selection due to differential habitat use in differential migrants, where males
and females spend most of the annual cycle foraging at geographically separated habitats
(Cristol er al, 1999). The current lack of data on differential migration in shorebirds (Nebel, 2007)
does not allow us to test for the degree of bill-SSD in differential migrants only. However,
a difference in the degree of bill-SSD between residents and migratory shorebirds (including
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non-differential migrants) would nevertheless provide support for the resource partitioning
hypothesis.

To explore the role of migration in promoting SSD in shorebirds, we perform a compara-
tive test of whether SSD in bill-size differs between migrant and non-migrant species. If so,
then migration may be a life-history trait that affects the evolutionary likelihood for sexual
size dimorphism. For all comparative tests, we use the most recent complete species-level
phylogeny available for shorebirds (Thomas ez al, 2004).

METHODS

Estimating sexual size dimorphism from morphometric data

We used previously published morphometric data for 151 shorebird species (from Lislevand et al.,
2007). From these data, we estimated male and female bill and tarsus length for each species.
From species’ mean values, we estimated the degree of SSD for both traits by calculating the
‘size dimorphism index’ (SDI). The SDI is calculated as the female-to-male size ratio, minus
1 (Lovich and Gibbons, 1992). This index provides an ideal estimate of size dimorphism because,
unlike raw ratios, it is linear (a doubling in magnitude of dimorphism is reflected in a
doubling of the SDI score), it is symmetrical (changes in male or female size yield the same
absolute SDI score), and it contains directional information (positive SDI scores indicate
females are larger, whereas negative scores indicate males are larger). We used the absolute
values of SDI when we were interested in the degree of dimorphism, but not in its direction.

We used morphometric data from bill length to represent the SDI for a specific trophic
character, and data from tarsus length to represent the SDI for a non-trophic character. This
characterization is imperfect, but reasonable. First, tarsus morphology may not be strictly a
non-trophic character for every species; female bar-tailed godwits have longer legs that
permit them to forage in deeper mud than males (Smith and Evans, 1973), but in general variation
in bill morphology is more directly related to variation in feeding habitats than tarsus
morphology. Second, among shorebirds tarsus shows some variation with environmental
conditions on the breeding grounds (Cartar and Morrison, 2005). Despite its limitations, tarsus
is the best indicator of a non-trophic character available to us because other characters,
like body mass, show strong variation with season and individual condition (Piersma and
Davidson, 1991; Witter and Cuthill, 1993), and wing length varies with migratory status (voelker, 2001; Mila
et al, 2008), one of the main factors in our analysis. We then compared SDI values for
trophic and non-trophic characters between migrants and residents, using the migratory
classification of del Hoyo et al. (19%).

Phylogenetically informed methods

Comparisons of characters across species can result in statistical bias if related species are
similar as a result of common ancestry (Felsenstein, 1985). However, applying phylogenetically
corrected methods to characters that are not phylogenetically autocorrelated can create
problems of statistical non-independence where none existed initially (Gittleman and Luh, 1994).
We therefore first assessed whether absolute SDI in bill, tarsus, wing, and body mass
were phylogenetically correlated by implementing the test for serial independence (Abouheif,
1999) using the computer program Phylogenetic Independence v.2.0 (Reeve and Abouheif, 2003; see
Abouheif, 1999). As all characters showed significant phylogenetic autocorrelation (bill:
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P =0.001; tarsus: P=0.002; wing: P=0.001; mass: P=0.001), we used a supertree of
shorebirds and the Pdtree module (Midford er al, 2005) of Mesquite (Maddison and Maddison, 2006)
to calculate phylogenetically independent contrasts (Felsenstein, 1985). Paired z-tests were then
used to determine if absolute SDI (log-transformed) differed between bill, tarsus, wing, and
body mass for both raw (uncorrected) data and independent contrasts using the statistical
software SYSTAT (sysTaAT, 2007). Owing to availability of morphometric data, there are minor
differences in sample size between tests. We used the Bonferroni correction to adjust the
significance threshold for multiple comparisons.

Determination of excessive bill-SDI

To determine whether trophic characters differ in magnitude or direction of SSD from
non-trophic characters, we identified those species for which bill-SDI was exceedingly
large (defined below) relative to tarsus-SDI, or for which bill-SDI showed the opposite sign
to tarsus-SDI. While the sign is easily identified directly from each SDI-value (positive vs.
negative), there is no inherent cut-off to recognize differences in magnitude. Accordingly,
we devised a two-step test for significance. First, we subtracted absolute tarsus-SDI
from absolute bill-SDI to obtain a body-size-corrected value of bill-SDI — hereafter
‘residual bill-SDI’. We then compared this residual value to the null expectation if trophic
and non-trophic traits are perfectly co-dimorphic — that is, if residual bill-SDI equals
zero. If any residual bill-SDI value deviated from the null expectation by more than two
standard deviations (0 = 2 s.p.), we inferred that dimorphism in the trophic character does
exceed that for the non-trophic character. Although this cut-off is arbitrary, it is suitable
given that two standard deviations approximate 95% of the variance. We also considered
a less (£1 s.0.) and more (£3 s.D.) conservative cut-off to recognize excessive trophic trait
dimorphism (Fig. 1).

Testing for correlated evolution between SSD and migratory status

We used the most complete phylogenetic hypothesis available for shorebirds (Thomas er af., 2004)
to test for correlation between SSD (using residual bill-SDI) and migratory status. We
then used the program TreeEdit (Rambaut and Charleston, 2001) to prune the shorebird supertree of
taxa for which morphometric data were unavailable. From this pruned tree structure
[including 135 of an original 366 taxa (Thomas er al, 2004)], we again used TreeEdit to randomly
resolve polytomies and assign to these resolutions a marginally positive branch length. We
used Pagel and colleagues’ (2004) comparative method to test for correlated evolution
between SSD and migratory status by comparing the fit (log-likelihood) of two models; one
corresponding to independent evolution, the other to correlated evolution such that
changes in one trait depend on the background state of the other (Pagel e al., 2004; Barker and Pagel,
2005). If the dependent model is no more likely than the independent model, as evaluated by
likelihood ratio tests, then there is no evidence for correlated evolution. We implemented
this test under maximum likelihood criteria using the program BayesTraits [available at
www.evolution.rdg.ac.uk (Pagel and Meade, 2006)].
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Fig. 1. Frequency distribution of residual bill-SDI. Species that exceeded two standard deviations
(hatched bars) were considered to show excessive trophic trait dimorphism.

RESULTS

SDI in trophic vs. non-trophic characters

First we examined the raw SDI data. The degree of sexual size dimorphism varied between
trophic (bill) and non-trophic (tarsus) characters. The absolute degree of dimorphism was
higher for bill length (mean absolute SDI =0.057) than it was for tarsus length (mean
absolute SDI=0.031; Fig. 2), as indicated by a paired #-test (¢;35=15.422, P <0.001).
Dimorphism in bill length was also more variable (s.D. =0.055; range =0.266) than for
tarsus length (s.0.=0.028; range =0.145), as evaluated by the F-test for equality of
variances (Fi3s 135 = 0.474, P < 0.001).

We also calculated SDI for both wing length and body mass. We were thus able to test
whether pronounced SDI in trophic over non-trophic traits is robust against alternate
measures of body size. A comparison of absolute SDI values between all three non-trophic
traits indicated that tarsus length (mean =0.031), wing length (mean = 0.029, s.0. = 0.031,
n=135), and cubic root (peig and Green, 2009) of body mass (mean =0.041, s.n.=0.0438,
n = 110) were smaller than bill length (mean = 0.057), suggesting that the trophic characters
are generally more dimorphic than the non-trophic traits. A paired f-test confirmed
that bill-SDI was also more dimorphic than wing-SDI (¢,5, = 6.276, P <0.001) as well as
body mass-SDI (#,4o =2.753, P =0.021). We then performed pair-wise comparisons of the
standardized independent contrasts of the absolute SDI values of the four morphometric
characters, but did not detect any differences among them (bill vs. tarsus: ¢;;; =—1.437,
P =0.919; bill vs. wing: ;33 =-0.352, P =1.000; tarsus vs. wing: t,5; = 1.619, P =0.647; bill
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Fig. 2. Absolute size dimorphism index (SDI) for bill and tarsus for migrant and resident shorebird
species. The box plot shows the median (thick horizontal line), 50% range (box), range (whiskers),
outliers (asterisks), and extreme outliers (circles). The plot shows that the trophic trait (bill) was more
dimorphic than the non-trophic trait (tarsus) and that migrants were more dimorphic for the trophic,
but not the non-trophic trait, than non-migrants.

vs. mass: t;33=-0.333, P=1.000; tarsus vs. mass: t;33=1.097, P=1.000; wing vs. mass:
t133=—0060, P = 1.000).

Excessive bill-SDI

Of the 136 species used for this test, 17 species (12%) showed a disproportionate degree
of dimorphism in the trophic versus non-trophic character, as evidenced by an absolute
residual bill-SDI value in excess of the null expectation (see online Appendix at:
www.evolutionary-ecology.com/data/2588 Appendix.pdf). For these taxa, trophic and non-
trophic characters thus appear to differ in the magnitude of dimorphism between males
and females. For all of these cases, bill length dimorphism is in excess of the level expected
from dimorphism in body size alone. Residual bill-SDI showed significant phylogenetic
autocorrelation (P =0.001), as shown by the test for serial independence. Indeed, with
reference to the phylogenetic supertree of Thomas ef al. (2004), 11 of these species are
clustered within three genera — Numenius (curlews), Limosa (godwits), and Calidris (sand-
pipers) — and all of them are migrants. The other six species that show evidence of resource
partitioning belong to the oystercatchers (Haematopodini), and include both migrant and
non-migrant species.

We also identified 19 species (14%) for which the sign of dimorphism (regardless of
whether it was considered ‘excessive’ or not) differed between the trophic and non-trophic
trait (see www.evolutionary-ecology.com/data/2588 Appendix.pdf). Of these, 14 species had
females with larger bills despite males with larger bodies (tarsi), and five species showed the
opposite pattern — that is, males with larger bills despite females with larger bodies. While
male and female shorebirds typically covary in magnitude (87.5% of species) and direction
(86% of species) of trophic and non-trophic traits, there are important exceptions (19 of 129
species) that seem to violate these trends.
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SDI and migration

A comparison of mean SDI scores between migrant and non-migrant species indicated that
migrants were significantly more dimorphic for the trophic (#;,0 = 1.995, P = 0.048) but not
the non-trophic (¢ys = 0.347, P =0.730) trait than non-migrants (Fig. 2). However, taking
phylogenetic relationships — and thus the statistical non-independence of taxa — into
account, Pagel’s discrete likelihood ratio test indicated that evolutionary changes in migra-
tory status were not good predictors of sexual dimorphisms. Specifically, the fit of the
dependent model in which gains and losses in ‘excessive’ sexual dimorphism were con-
strained to covary with gains and losses in migrant status is not significantly better than that
of the independent model (LRT statistic = 1.88, P > 0.05, d.f. =4). This lack of correlation
between migratory status and presence of residual bill-SDI is upheld even when more (LRT
statistic=2.12, P> 0.05, d.f. =4) and less (LRT statistic = 2.36, P > 0.05, d.f. =4) stringent
criteria are used to define SSD (referring to 3 and 1 standard deviations, respectively). Thus,
shorebirds that migrate appear no more or less likely to evolve excessive bill SSD than
resident species.

DISCUSSION

SDI in trophic vs. non-trophic traits

We use morphometric data from shorebirds to test the idea that selection for differential
resource use between males and females contributes to sexual bill dimorphism. To do so,
we compared the level of dimorphism between two types of morphological characters: bill
length as a resource exploiting trophic character, and tarsus length as an overall measure of
body size that is not directly related to trophic resource use. Using the conventional size
dimorphism index of Lovich and Gibbons (1992) to estimate degree and direction of
dimorphism, we found two patterns in the raw (phylogenetically uncorrected) data that
support the resource partitioning hypothesis.

First, bill length dimorphism was significantly more pronounced than tarsus length
dimorphism, suggesting that characters related to resource exploitation are more sexually
dimorphic than character sets unrelated to resource use. Second, sexual bill length di-
morphism was opposite to that of tarsus length in 19 species (14%). Assuming that
differences in SSD among traits reflect differences in selective pressure, rather than
allometric constraints on development, this striking pattern suggests that male—female
dimorphisms in resource-exploiting traits and those in overall body size are responding to
different selection pressures, and that these differences are not just a matter of degree but a
matter of type.

We did not, however, detect a difference in the absolute SDI of bill and tarsus measures
of body size when using independent contrasts. The pattern for bill and body size that we
observe above is therefore adequately explained by shared ancestry among species rather
than contemporary selection on each species independently. If resource partitioning does
explain the excessive SSD for resource-exploiting traits (bill), this effect is likely historical
rather than contemporary.
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Migration and SSD

Our analysis of the raw data showed that bill-SSD was more pronounced and more variable
in migrants than residents. The non-trophic trait, by contrast, did not vary between the
two groups. These findings support our prediction that bill-SSD evolves through differential
use of food resources by differential migrants, where males and females exploit different
feeding niches during the non-breeding season. Indeed, all shorebird species that are known
to be differential migrants [western sandpiper (Nebel er al, 2002), least sandpiper (Nebel, 2006),
spotted sandpiper, ruff (Cristol er al, 1999), curlew sandpiper, eastern curlew, bar-tailed godwit
(Nebel, 2007)] show pronounced sexual bill dimorphism. The comparative test for correlated
evolution between SSD and migratory status did, however, not support this hypothesis. It
is therefore unlikely that migration co-evolves with sexual dimorphism in shorebirds.

CONCLUSIONS

In this study, we show that sexual size dimorphism in shorebirds is more pronounced in
trophic than non-trophic traits, and more common in migrants than in non-migrant shore-
bird species. These patterns are not obvious from single-species studies, and only emerge
from large-scale comparative studies of morphometric data. The comparative approach
reveals, however, that these patterns are not strictly the result of contemporary natural or
sexual selection, but rather reflect the shared ancestry of extant species.

ACKNOWLEDGEMENTS

We thank Doug Morris, Gavin Tomas, and two anonymous referees for constructive comments on
the manuscript. Liam McGuire provided assistance with Mesquite. This work was supported by a
Discovery Grant (NSERC) to G.J.T. and by the University of Western Ontario (S.N.).

REFERENCES

Abouheif, E. 1999. A method for testing the assumption of phylogenetic independence in com-
parative data. Evol. Ecol. Res., 1: 895-909.

Andersson, M. 1994. Sexual Selection. Princeton, NJ: Princeton University Press.

Barker, D. and Pagel, M. 2005. Predicting functional gene links from phylogenetic-statistical
analyses of whole genomes. PLoS Comput. Biol., 1: 24-31.

Cartar, R.V. and Morrison, R.I.G. 2005. Metabolic correlates of leg length in breeding arctic shore-
birds: The cost of getting high. J. Biogeogr., 32: 377-382.

Cristol, D.A., Baker, M.B. and Carbone, C. 1999. Differential migration revisited: latitudinal
segregation by age and sex class. Curr. Ornithol., 15: 33-88.

del Hoyo, J., Elliot, A. and Sargatal, J. 1996. Handbook of the Birds of the World, Vol. 3. Barcelona,
Spain: Lynx.

Fairbairn, D.J., Blanckenhorn, W.U. and Székely, T., eds. 2007. Sex, Size and Gender Roles:
Evolutionary Studies of Sexual Size Dimorphism. Oxford: Oxford University Press.

Felsenstein, J. 1985. Phylogenies and the comparative method. Am. Nat., 125: 1-15.

Gittleman, J.L. and Luh, H.K. 1994. Phylogeny, evolutionary models and comparative methods:
a simulation study. In Pattern and Process: Phylogenetic Approaches to Ecological Problems
(P. Eggleton and D. Vane-Wright, eds.), pp. 103—122. London: Academic Press.

Grant, PR. and Grant, R.B. 2003. Reversed sexual dimorphism in the beak of a finch. Ibis,
145: 341-343.



Evolution of sexual bill dimorphism in shorebirds 43

Hedrick, A.V. and Temeles, E.J. 1989. The evolution of sexual dimorphism in animals: hypotheses
and tests. Trends Ecol. Evol., 4: 136-138.

Jehl, JR., Jr. and Murray, B.G., Jr. 1986. The evolution of normal and reverse sexual size
dimorphism in shorebirds and other birds. Curr. Ornithol., 3: 1-86.

Lislevand, T., Figuerola, J. and Székely, T. 2007. Avian body sizes in relation to fecundity, mating
system, display behavior, and resource sharing. Ecology, 88: 1605.

Lovich, J.E. and Gibbons, JW. 1992. A review of techniques for quantifying sexual size dimorphism.
Growth Develop. Aging, 56: 269-281.

Maddison, W.P. and Maddison, D.R. 2006. Mesquite: A Modular System for Evolutionary Analysis,
version 1.1 (http://mesquiteproject.org).

Midford, P.E., Garland, T.J. and Maddison, W.P. 2005. PDAP Package of Mesquite, version 1.07
(http://mesquiteproject.org).

Mila, B., Wayne, R.K. and Smith, T.B. 2008. Ecomorphology of migratory and sedentary
populations of the yellow-rumped warbler (Dendroica coronata). Condor, 110: 335-344.

Nebel, S. 2006. Latitudinal clines in sex ratio, bill and wing length in Least Sandpipers. J Field
Ornithol., T7: 39-45.

Nebel, S. 2007. Differential migration of shorebirds in the East Asian—Australasian Flyway. Emu,
107: 14-18.

Nebel, S., Lank, D.B., O’Hara, P.D., Fernandez, G., Haase, B., Delgado, F. et al. 2002. Western
Sandpipers during the nonbreeding season: spatial segregation on a hemispheric scale. Auk,
119: 922-928.

Pagel, M. and Meade, A. 2006. Bayesian analysis of correlated evolution of discrete characters by
reversible-jump Markov chain Monte Carlo. Am. Nat., 167: 808-825.

Pagel, M., Meade, A. and Barker, D. 2004. Bayesian estimation of ancestral character states on
phylogenies. Syst. Biol., 53: 673-684.

Peig, J. and Green, A.J. 2009. New perspectives for estimating body condition from mass/length
data: the scaled mass index as an alternative method. Oikos, 118: 1883-1891.

Piersma, T. and Davidson, N.C. 1991. Confusions of mass and size. Auk, 108: 441-444.

Price, T.D. 1984. The evolution of sexual size dimorphism in Darwin’s Finches. 4m. Nat., 123:
500-518.

Rambaut, A. and Charleston, M. 2001. TreeEdit: Phylogenetic Tree Editor, version 1.0 alpha 8
(http://tree.bio.ed.ac.uk/).

Reeve, J. and Abouheif, E. 2003. Phylogenetic Independence, version 2.0.

Selander, R.K. 1966. Sexual dimorphism and differential niche utilization in birds. Condor, 68:
113-151.

Selander, R.K. 1972. Sexual selection and dimorphism in birds. In Sexual Selection and the Descent
of Man 1871-1971 (B. Campbell, ed.), pp. 180-230. Chicago, IL: Aldine.

Shetty, S. and Shine, R. 2002. Sexual divergence in diets and morphology in Fijian seasnakes
Laticauda colubrina (Laticaudinae). Austr. Ecol., 27: 77-84.

Shine, R. 1989. Ecological causes for the evolution of sexual dimorphism: a review of the evidence.
Quart. Rev. Biol., 64: 419-461.

Slatkin, M. 1984. Ecological causes of sexual dimorphism. Evolution, 38: 622-630.

Smith, P.C. and Evans, PR. 1973. Studies of shorebirds at Lindisfarne, Northumberland. 1. Feeding
ecology and behaviour of the Bar-tailed Godwit. Wildfowl, 24: 135-139.

Smith, T.B. 1993. Disruptive selection and the genetic basis of bill size polymorphism in the African
finch Pyrenestes. Nature, 363: 618-620.

SYSTAT. 2007. SYSTAT® 12 Statistics_I_II_III_IV. San Jose, CA: SYSTAT Software, Inc.

Székely, T., Reynolds, J.D. and Figuerola, J. 2000. Sexual size dimorphism in shorebirds, gulls, and
alcids: the influence of sexual and natural selection. Evolution, 54: 1404—1413.

Temeles, E.J., Pan, I.L., Brennan, J.L. and Horwitt, JN. 2000. Evidence for ecological causation of
sexual dimorphism in a hummingbird. Science, 289: 441-443.



44 Nebel and Thompson

Temeles, E.J., Miller, J.S. and Rifkin, J.L. 2010. Evolution of sexual dimorphism in bill size and shape
of hermit hummingbirds (Phaethornithinae): a role for ecological causation. Phil. Trans. R. Soc.
B, 365: 1053-1063.

Thomas, G.H., Wills, M.A. and Székely, T. 2004. A supertree approach to shorebird phylogeny.
BMC Evol. Biol., 4: 28.

Voelker, G. 2001. Morphological correlates of migratory distance and flight display in the avian
genus Anthus. Biol. J. Linn. Soc., 73: 425-435.

Witter, M.S. and Cuthill, I.C. 1993. The ecological costs of avian fat storage. Phil. Trans. R. Soc.

Lond. B, 340: 73-92.



