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Sexual selection has often been invoked in explaining extravagant morphological and behavioural adap-
tations that function to increase mating success. Much is known about the e¡ects of intersexual selection,
which operates through female mate choice, in shaping animal signals. The role of intrasexual selection
has been less clear. We report on the ¢rst evidence for the coevolution of signal complexity and sexual size
dimorphism (SSD), which is characteristically produced by high levels of male^male competition. We
used two complementary comparative methods in order to reveal that the use of complex signals is asso-
ciated with SSD in extant species and that historical increases in complexity have occurred in regions of
a phylogenetic tree characterized by high levels of pre-existing size dimorphism. We suggest that signal
complexity has evolved in order to improve opponent assessment under conditions of high male^male
competition. Our ¢ndings suggest that intrasexual selection may play an important and previously under-
estimated role in the evolution of communicative systems.
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1. INTRODUCTION

The extraordinary diversity of animal signals has
fascinated biologists since Darwin (1872; Hauser 1996;
Bradbury & Vehrencamp 1998). Complex signals are
known to have evolved in response to sexual selection
(Andersson 1994), properties of the signalling environ-
ment (Endler 1992), predation risk (Stoddard 1999) and
social organization (Blumstein & Armitage 1997). Recent
studies have particularly focused on the role of intersexual
selection. The cumulative e¡ects of female mate choice
decisions have caused profound changes in signal struc-
ture, producing elaborate ornaments (Basolo 1990;
Andersson 1994; Endler & Basolo 1998) and complex
vocalizations (Ryan 1998; Collins 1999). Much less is
known about the role of intrasexual selection.

Agamid and iguanid lizards primarily communicate
using visual displays. These are composed of discrete
movements, often delivered in a predictable sequence,
together with characteristic postures and changes in body
coloration. Exchanges of such signals between males are
an important component of territory defence (Carpenter
1978). Signal complexity varies across species and is
quanti¢ed by the number of modi¢ers added to a basic
head-nod or push-up display ( Jenssen 1977, 1978). Modi-
¢ers include dewlap extensions, tail wagging, arm
waving, crest raising, body compression/in£ation, back
arching, body raising/tilting and changes in colour.
Variation in modi¢er use determines function and in£u-
ences the outcome of social interactions ( Jenssen 1977;
Martins 1991). Signalling behaviour is known to a¡ect the
¢tness of the sender because it is important in both male^
male contests (Trivers 1976) and female mate choice
( Jenssen 1970a). However, the considerable variation
between species in repertoire size remains unexplained.

In many taxa, competition between males over
resources characteristically produces an asymmetry in
body size between the sexes. Thus, the advantages of
larger size for males typically results in sexual size
dimorphism (SSD). In iguanian lizards, the success of
males competing for territories and other resources is
positively correlated with body size (Greenberg & Noble
1944; Rand 1967; Jenssen 1970b; Trivers 1972, 1976;
Stamps 1977, 1983; Ruby 1978, 1984; Schoener & Schoener
1980, 1982; Tokarz 1985; Cooper & Vitt 1987; Anderson
& Vitt 1990; Baird et al. 1997; Johnston 1997; Jenssen &
Nunez 1998). Male^male competition is thus the predo-
minant factor in£uencing the evolution of larger-male
SSD (Trivers 1976; Schoener & Schoener 1980; Stamps
1983; Vitt 1983; Carothers 1984; Vitt & Cooper 1985;
Anderson & Vitt 1990; Hews 1990; Perry 1996; Baird
et al. 1997; Johnston 1997; Stamps et al. 1997; Wikelski &
Trillmich 1997) and this measure provides an estimate of
the historical level of competitive intensity.

Jenssen (1978) speculated that large display repertoires
should reduce the risk of injury for lizards when male^
male agonistic interactions are frequent. If the outcome of
such contests is also in£uenced by signal complexity, as
has been demonstrated in birds (Krebs et al. 1978), then
we should expect complex signals to evolve with
increasing SSD. In the present study, we tested this
prediction by exploring whether the degree of intrasexual
selection in lizards, as estimated by SSD, predicts the
evolution of signal complexity, as measured by repertoire
size.

2. METHODS

We ¢rst examined all available published accounts of SSD
and signal behaviour for iguanian lizards (205 sources covering
133 species). The subset of accounts providing complete informa-
tion on both signal complexity and SSD (see electronic
Appendix A available on The Royal Society’s Web site) was
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identi¢ed (117 sources covering 63 species) from this larger data
set (T. J. Ord, unpublished data). Visual displays of iguanian
lizards are principally performed by males and invariably
consist of stereotyped head and body movements commonly
termed `head-nod’ and/or p̀ush-up’ displays. These c̀ore’ displays
are elaborated by the addition of modi¢ers ( Jenssen 1977, 1978),
which vary across species and account for a considerable propor-
tion of display diversity. We therefore used the number of display
modi¢ers reported for each species in order to quantify signal
complexity. While our hypothesis explicitly focuses upon male^
male signal exchanges, some modi¢ers are also reported to be
employed during courtship. SSD was determined from compari-
sons of male:female snout^vent length. Values of 1 thus indicate
sexes of equal size, those greater than 1 larger-male SSD and
those less than 1 larger-female SSD.

(a) Calculation of standardized independent
contrasts

In order to account forpossiblephylogenetic non-independence
of species data, we gathered additional published data on phylo-
geny and calculated standardized independent contrasts (Purvis
& Rambaut 1995).

No single, published, phylogenetic hypothesis included all
species of interest, so a composite tree was compiled from
several sources (see electronic Appendix A). In some cases,
several phylogenetic hypotheses were available. We `ranked’
hypotheses with those based on combined morphological and
molecular data favoured over purely molecular hypotheses,
which were in turn preferred over purely morphological hypo-
theses. While trees constructed from molecular data are not
necessarily superior to those based solely on morphology and,
indeed, may su¡er from their own uncertainty problems (see
Wiens & Hollingsworth 2000), those based on molecular data
tended to be the more recently proposed hypotheses and were
thus favoured. If hypotheses were still equally ranked, those
based on parsimony methods of tree construction were given
preference. Species synonyms were checked using the `EMBL
Reptile Database’ (http://www.embl-heidelberg.de/¹uetz/living
reptiles.html).

Using these criteria, the following sources were used to
construct a composite phylogenetic hypothesis.

(i) Agamidae: genera positions followed Macey et al. (2000)
with Acanthocercus positioned by Moody (1980). Species
within the genus Ctenophorus were based on A. E. Greer
(unpublished data).

(ii) Iguanidae: subfamily positions were based on Schulte et al.’s
(1998) most resolved hypothesis. Anoles were inferred
from Jackman et al. (1999) with additional species being
positioned from other sources: Anolis auratus, Anolis cupreus
and Anolis nebulosus (Stamps et al. 1997), Anolis roquet, Anolis
extremus, Anolis trinitatis, Anolis griseus and Anolis bonairensis
(Yang et al. 1974; Roughgarden & Pacala 1989), Anolis
opalinus (Burnell & Hedges 1990) and Anolis carpenteri,
Anolis sericeus, Anolis intermedius and Anolis trop idolep is
(Etheridge 1959).

(iii) Iguaninae were based on Sites et al. (1996) and on Wiens &
Hollingsworth’s (2000) combined morphological and
molecular hypothesis with additional Cyclura species posi-
tioned using Martins & Lamont (1998).

(iv) Crotaphytinae and genera level positions for Phrynosoma-
tinae were taken from Schulte et al. (1998) with additional
data for Holbrookia and Callisaurus from Reeder & Wiens

(1996). Species within Sceloporus were positioned by Wiens
& Reeder (1997). We could ¢nd no published hypothesis
for Microlophus.

While independent contrasts can be calculated from trees
possessing polytomies (i.e. where the precise relationship
between species is unknown), we also wished to compare
contrast-based results with those from the concentrated changes
test (CCT) (see below). For this purpose, we conducted addi-
tional analyses by randomly resolving polytomies using
MacClade software v. 3.08a (Maddison & Maddison 1992,
1999).

Standardized independent contrasts are a common way of
controlling for phylogenetic non-independence. We used the pro-
gram CAIC, v. 2.6.2 (http ://evolve.bio.ic.ac.uk/evolve/software/
caic/index.html) (see also Purvis & Rambaut 1995) to calculate
contrasts, which were then used in regression analyses. Data on
branch lengths (which represent time since speciation) were only
available for a small subset of species. In order to include the
maximum number of species in our analyses, we set all branch
lengths to be equal.We selected the `Crunch’algorithm for contrast
analyses. Regressions were forced through the origin following
Purvis& Rambaut(1995) (seealsoGarland etal.1992).

SSD in lizards is associated with overall body size (Stamps
1983).Usingadditionalpublisheddata(seeelectronic Appendix A),
contrasts for body size (male snout^vent length) were regressed
against contrasts for SSD. The residuals from this analysis were
then used to control for possible body- size e¡ects in subsequent
tests (Losos 1990; Martins & Garland 1991; Blumstein & Armi-
tage 1998).

(b) Calculation of the concentrated changes test
Our hypothesis speci¢cally predicts that the evolution of SSD

should precede or occur simultaneously with that of signal
complexity. We tested this coevolutionary hypothesis using the
CCT (Maddison 1990), which calculates the probability of the
observed distribution of two traits on a phylogenetic tree having
occurred by chance alone. While the CCT has become increas-
ingly popular (Donoghue 1989; Oakes 1992; Martins 1993;
HÎglund & Sillën-Tullberg 1994; Hunter 1995; Mitani et al.
1996; Pyron 1996; Janz & Nylin 1998; Ortolani & Caro 1998;
Nunn 1999; Ortolani 1999), it is still relatively new and has
consequently not received as much sensitivity testing (although
see Werdelin & Sillën-Tullberg 1995; Lorch & Eadie 1999) as
more traditional contrast-based methods (e.g. D|̈az-Uriarte &
Garland 1996, 1998; Price 1997; Garland & D|̈az-Uriarte 1999).
However, the CCT allows investigation of the direction of
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Table 1. The correlation of SSD and rep ertoire size in
iguanian lizards

species data d.f. r
one-tailed
p -value

raw 62 0.36 0.002
corrected for body size 62 0.37 0.001

independent contrasts
(polytomies unresolved)

52 0.29 0.018

corrected for body size 52 0.27 0.026
independent contrasts

(polytomies randomly resolved)
62 0.29 0.011

corrected for body size 62 0.27 0.016

http://www.embl-heidelberg.de/
http://evolve.bio.ic.ac.uk/evolve/software/


evolution and, thus, provides a powerful complementary test of
the above prediction.

The CCT can only be conducted with dichotomous data. We
created frequency distributions for each variable and then split
these at the median value. Hence, species with greater than the
median number of display modi¢ers (median ˆ 4 and range 0^8)
were scored as having large repertoires, while those with less
than or equal to this value were scored as having small reper-
toires. Similarly, species with greater than the median SSD
(median ˆ 1.12 male:female snout^vent length and range
0.93^1.62) were classi¢ed as highly dimorphic.

We employed the same phylogenetic hypothesis used in
contrast analyses in order to reconstruct ancestor states for use
in the CCT using the phylogenetic program MacClade, v. 3.08a
(Maddison & Maddison 1992, 1999). However, the CCT can
only be applied to a fully bifurcating tree. We implemented the
recommended procedure of randomly resolving polytomies
(Maddison & Maddison 1992).

The CCT assumes an equal probability of change along all
branches of the tree (Maddison 1990). However, problems may
arise when trait reconstructions result in distributions of change
that deviate from this null model. In order to ensure that our
results were not in£uenced by this sort of error (Maddison 1990;
Lorch & Eadie 1999), we reconstructed ¢ve alternative,
parsimony-based ancestor states and applied the test to each
one. First, we reconstructed ancestor states from continuous data
using Swo¡ord & Maddison’s (1987) linear parsimony
MINSTATE and MAXSTATE and Maddison’s (1991) squared-
change parsimony algorithms, which were designed speci¢cally
for continuously distributed variables. MINSTATE and
MAXSTATE reconstructions re£ect the smallest and largest sets
of equally parsimonious values at each node, respectively.
Squared-change parsimony minimizes the sum of the squared
changes on branches and forces changes to spread out more
evenly over the tree. We then de¢ned areas of the tree

representing large repertoires or high SSD manually using the
`¢x state’ option in MacClade. Finally, for dichotomously trans-
formed data we also applied ACCTRAN (which accelerates
changes towards the root and, thus, maximizes early gains and
forces subsequent reversals) and DELTRAN (which delays
changes away from the root and, thus, maximizes parallel
changes) linear parsimony algorithms (Swo¡ord & Maddison
1987). Repertoire size reconstruction at the root was determined
by outgroup analysis (see electronic Appendix A) with addi-
tional taxa positioned by Estes et al. (1988).

The CCT has low statistical power and is therefore likely to
be conservative (Lorch & Eadie 1999). Following Ortolani &
Caro (1998) and suggestions by Lorch & Eadie (1999), we
considered associations with p 5 0.05 as highly signi¢cant, while
p-values falling between 0.05 and 0.1 were considered to be
marginally signi¢cant. The large number of species being
investigated prevented us from calculating an exact probability;
we report p-values using simulations (Maddison & Maddison
1992, 1999) based on a sample size of 10 000 replicates. This
method randomly generates evolutionary changes on the tree,
counting those in areas distinguished as possessing high SSD
and on the tree in total, until the speci¢ed sample size has been
reached. Tests have shown that this method gives similar results
to exact p -value calculations (Maddison 1990). Several alterna-
tive options are available for randomly generating evolutionary
changes on the tree when conducting concentrated changes
analyses using simulations. We selected the àctual changes’
simulation option for analyses based on ACCTRAN,
DELTRAN and squared-change parsimony reconstructions,
while the alternative MINSTATE or MAXSTATE options were
selected for analyses based on corresponding trait reconstructions.

3. RESULTS

There was a signi¢cant positive relationship between
the number of display modi¢ers and SSD in all regression
analyses (table 1 and ¢gure 1). These results demonstrate a
reliable association between signal complexity and SSD.
However, they do not reveal either the speci¢c historical
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Figure 1. The relationship between repertoire size and SSD
(male:female snout^vent length) for iguanian lizards. Data
were obtained from a variety of sources (see electronic
Appendix A).

Table 2. The in£uence of SSD on the evolution of large
repertoire size in iguanian lizards

(The numbers of evolutionary gains and losses were
calculated following alternative ancestor state reconstructions
by parsimony using MacClade, v. 3.08a (Maddison &
Maddison 1992, 1999). Maddison’s (1990) CCT was used
both for determining the number of gains in large repertoires
occurring on branches of the tree also possessing high SSD
and also whether this distribution could be attributed to
chance alone. The number of gains and losses column is the
total number of gains (G) and losses (L) in large repertoire
size against the number of gains (G) in large repertoire size
on branches also possessing high SSD.)

reconstruction
number of gains

and losses p -value

linear parsimony
MINSTATE G9+ L3/G6 0.031
MAXSTATE G6+ L6/G4 0.078
ACCTRAN G7+ L5/G5 0.023
DELTRAN G8+ L4/G5 0.045

squared-changeparsimony G11 + L4/G8 0.017
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Lophognathus temporalis
large display repertoire sexual size dimorphism

Amphibolurus muricatus
Ctenophorus fionni

Ctenophorus maculosus
Ctenophorus fordi
Pogona barbata
Agama agama
Anolis luciae

Anolis richardii
Anolis griseus

Anolis trinitatis
Anolis aeneus
Anolis roquet

Anolis extremus
Anolis brevirostris

Anolis distichus
Anolis caudalis

Anolis cristatellus
Anolis acutus
Anolis sagrei

Anolis carpenteri
Anolis limifrons

Anolis tropidolepis
Anolis sericeus
Anolis humilis
Anolis cupreus
Anolis auratus

Anolis intermedius
Anolis nebulosus
Anolis pentaprion
Anolis opalinus

Anolis valencienni
Anolis lineatopus

Anolis carolinensis
Holbrookia propinqua

Callisaurus draconoides
Uta stansburiana

Sceloporus merriami
Sceloporus graciosus

Sceloporus occidentalis
Sceloporus undulatus
Sceloporus magister
Sceloporus jarrovii
Sceloporus poinsetti

Sceloporus cyanogenys
Urosaurus ornatus

Crotaphytus collaris
Gambelia wislizenii

Gambelia sila
Ctenosaura similis

Amblyrhynchus cristatus
Conolophus subcristatus

Iguana iguana
Sauromalus obesus

Cyclura ricordi
Cyclura carinata
Cyclura cornuta

Dipsosaurus dorsalis
Microlophus grayii

Microlophus delanonis
Microlophus albemarlensis

Chalarodon madagascariensis

Anolis bonairensis

Figure 2. The evolution of large display repertoires and SSD reconstructed from dichotomously transformed data assuming
linear parsimony. Data were obtained from a variety of sources (see electronic Appendix A). Filled bars indicate trait present;
open bars indicate trait absent; hatched bars indicate equivocal reconstruction resolved in concentrated changes analyses using
ACCTRAN or DELTRAN algorithms (see the text for details). Large repertoire size was assumed to be absent at the ancestral
node (see electronic Appendix A).



events responsible for this association or the direction of
evolutionary change. Four out of ¢ve trait reconstructions
using the CCT had signi¢cantly more gains for large
repertoire size on branches of the phylogenetic tree char-
acterized by high levels of SSD than expected by chance
(table 2 and ¢gure 2). This relationship provides addi-
tional support for our hypothesis that intrasexual selec-
tion is one factor driving signal evolution; historical
increases in signal complexity have occurred in regions of
high pre-existing SSD.

4. DISCUSSION

We used two complementary comparative methods in
order to reveal a relationship between signal structure
and SSD. The results demonstrate that the size of lizard
display repertoires is positively associated with male-
biased SSD and that the evolution of SSD has generally
preceded or occurred simultaneously with that of large
repertoires. Since variation in SSD most probably re£ects
the level of intrasexual selection (see ½ 1), we conclude
that male^male competition has been an important
factor in the evolution of complex visual signals.

Intersexual selection, which usually acts through
female mate choice, is commonly invoked in explaining
the evolution and design of animal signals (Andersson
1994). In contrast, the e¡ects of intrasexual selection are
assumed to be largely restricted to the evolution of
weapons, such as horns and spines, and of large male
body size. Male^male contests have rarely been consid-
ered a signi¢cant in£uence on signal design (although see
Krebs et al. 1978; Morris & Ryan 1996; Borgia &
Coleman 2000).

To the authors’ knowledge, our comparative analyses
provide the ¢rst evidence that the evolution of large
display repertoires is associated with SSD. This implies
that complex visual signals confer ¢tness bene¢ts under
conditions of high male^male competition in agamids
and iguanids. Male lizards of these families defend terri-
tories that overlap several female home ranges (Stamps
1983). Border disputes are mediated by signal exchanges
that may escalate in intensity and vigour as the distance
between rivals decreases and boundaries are progressively
infringed (Hover & Jenssen 1976). If participants are
evenly matched in size and condition such contests may
degenerate into physical combat (Stamps & Krishnan
1994a). As the costs associated with escalated ¢ghting
increase, we expect the evolution of signals that permit
assessment of opponents and, thus, reduce the risk of
injury (Dawkins & Krebs 1978).

The relationship between snout^vent length and domi-
nance in lizards (Stamps & Krishnan 1994b) may have
in£uenced the evolution of display modi¢ers that increase
apparent size (e.g. lateral compression). However, static
cues based upon body size provide information about
condition integrated over relatively long time-periods. In
contrast, dynamic and energetically costly displays, such
as those of lizards (Bennett et al. 1981; Marler & Moore
1988), reveal moment-to-moment variation in condition
and may better predict the outcome of subsequent
aggressive interactions (e.g. Clutton-Brock & Albon1979).

The evolution of honest signals (Zahavi 1977) should
be favoured whenever males compete vigorously and the

risk of injury is high. Complex signal repertoires poten-
tially provide more information about ¢ghting ability. We
suggest that high levels of male^male competition may
be consistently associated with large repertoire size in
systems characterized by strong reproductive skew and/or
polygamy.

We made the explicit assumption that SSD is the
product of intrasexual selection. Alternative explanations
based on ecological di¡erences between the sexes are
unlikely (Stamps 1983; Vitt 1983; Carothers 1984; Vitt &
Cooper 1985; Perry 1996; Johnston 1997; Stamps et al.
1997; Wikelski & Trillmich 1997). In contrast, evidence
for the origin of SSD through sexual selection is compell-
ing (Trivers 1976; Schoener & Schoener 1980; Stamps
1983; Vitt 1983; Carothers 1984; Vitt & Cooper 1985;
Anderson & Vitt 1990; Hews 1990; Perry 1996; Baird
et al. 1997; Johnston 1997; Stamps et al. 1997; Wikelski &
Trillmich 1997). Although many authors have concluded
that SSD most probably re£ects intrasexual selection in
lizards (Stamps 1983; Andrews 1985; Tokarz 1995, 1998;
Baird et al. 1997; Johnston 1997; Jenssen & Nunez 1998),
we cannot rule out the possibility that female preference
may be acting on male size and signal evolution in some
species (Evans 1938a,b; Greenberg & Noble 1944; Jenssen
1970a; Trivers 1972, 1976; Crews 1975; Sigmund 1983;
Cooper & Vitt 1993). For example, the correlation
between male size and resource acquisition may have
favoured female preference for larger males (Cooper &
Vitt 1993). Alternatively, where the resource-acquiring
attributes of a male are revealed to a female through his
ability to compete with other males, male^male competi-
tion could evolve through female mate choice (Trivers
1976). In each of these scenarios, the presence of female
preference would reinforce the direct e¡ects of intrasexual
selection on the evolution of SSD and, thus, indirectly
promote the evolution of signal complexity for improved
opponent assessment when male^male competition is
high.

Many factors play a role in the evolution of communi-
cative systems, and their e¡ects are not mutually exclu-
sive. In order to understand fully the historical processes
responsible for signal diversity, we must integrate infor-
mation about all possible selective forces. Intrasexual
selection has rarely been implicated as a major in£uence
on signal design. Our results implicate male^male
competition as a signi¢cant factor in increasing display
complexity in lizards. We suggest that intrasexual selec-
tion should be added to the list of social, environmental
and perceptual factors that account for signal variation.
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HÎglund, J. & Sillën-Tullberg, B. 1994 Does lekking promote
the evolution of male-biased size dimorphism in birds? On
the use of comparative approaches. Am. Nat. 144, 881^889.

Hover, E. L. & Jenssen, T. A. 1976 Descriptive analysis and
social correlates of agonistic displays of Anolis limifrons Sauria,
Iguanidae. Behaviour 58, 173^191.

Hunter, A. F. 1995 The ecology and evolution of reduced wings
in forest macrolepidotera. Evol. Ecol. 9, 275^287.

Jackman, T. R., Larson, A., De Queiroz, K. & Losos, J. B. 1999
Phylogenetic relationships and tempo of early diversi¢cation
in Anolis lizards. Syst. Biol. 48, 254^285.

Janz, N. & Nylin, S. 1998 Butter£ies and plants: a phylogenetic
study. Evolution 52, 486^502.

Jenssen, T. A. 1970a Female response to ¢lmed displays of Anolis
nebulosus Sauria, Iguanidae. Anim. Behav. 18, 640^647.

Jenssen, T. A. 1970b The ethoecology of Anolis nebulosus Sauria,
Iguanidae. J. Herpetol. 4, 1^38.

Jenssen,T. A. 1977 Evolution of anoline lizard display behaviour.
Am. Zool. 17, 203^215.

Jenssen, T. A. 1978 Display diversity in anoline lizards and
problems in interpretation. In Behaviour and neurology of lizards
(ed. N. Greenberg & P. D. MacLean), pp. 269^285.
Washington, DC: National Institute of Mental Health.

Jenssen, T. A. & Nunez, S. C. 1998 Spatial and breeding rela-
tionships of the lizard, Anolis carolinensis: evidence of
intrasexual selection. Behaviour 135, 981^1003.

Johnston, G. 1997 Behavioural ecology of the peninsula dragon
lizard Ctenophorus ¢onni. PhD thesis, Flinders University,
Adelaide, Australia.

Krebs, J. R., Ashcroft, R. & Webber, M. 1978 Song reper-
toires and territory defence in the great tit. Nature 271,
539^543.

742 T. J. Ord and others The evolution of signal complexity in lizards

Proc. R. Soc. Lond. B (2001)

http://barbarina.catchword.com/nw=1/rpsv/0029-8549^28^2984L.145[csa=0029-8549^26vol=84^26iss=2^26firstpage=145]
http://barbarina.catchword.com/nw=1/rpsv/1045-2249^28^298L.506[csa=1045-2249^26vol=8^26iss=5^26firstpage=506]
http://barbarina.catchword.com/nw=1/rpsv/0036-8075^28^29250L.808[aid=30878,csa=0036-8075^26vol=250^26iss=4982^26firstpage=808]
http://barbarina.catchword.com/nw=1/rpsv/0003-0147^28^29150L.179[csa=0003-0147^26vol=150^26iss=2^26firstpage=179]
http://barbarina.catchword.com/nw=1/rpsv/1045-2249^28^299L.8[csa=1045-2249^26vol=9^26iss=1^26firstpage=8]
http://barbarina.catchword.com/nw=1/rpsv/0962-8452^28^29267L.1735[aid=981324,cw=1,doi=10.1098/rspb.2000.1203]
http://barbarina.catchword.com/nw=1/rpsv/0003-0147^28^29124L.244[csa=0003-0147^26vol=124^26iss=2^26firstpage=244]
http://barbarina.catchword.com/nw=1/rpsv/0962-8452^28^29266L.2309[aid=529774,csa=0962-8452^26vol=266^26iss=1435^26firstpage=2309,cw=1,doi=10.1098/rspb.1999.0924]
http://barbarina.catchword.com/nw=1/rpsv/0029-8549^28^2972L.321[csa=0029-8549^26vol=72^26iss=3^26firstpage=321]
http://barbarina.catchword.com/nw=1/rpsv/0003-3472^28^2945L.683[aid=528069,csa=0003-3472^26vol=45^26iss=4^26firstpage=683,doi=10.1006/anbe.1993.1083]
http://barbarina.catchword.com/nw=1/rpsv/1063-5157^28^2947L.654[aid=761375,cw=1,doi=10.1080/106351598260653]
http://barbarina.catchword.com/nw=1/rpsv/0169-5347^28^2913L.415[aid=19654,csa=0169-5347^26vol=13^26iss=10^26firstpage=415,doi=10.1016/S0169-5347^2898^2901471-2]
http://barbarina.catchword.com/nw=1/rpsv/1063-5157^28^2948L.547[aid=981331,cw=1,doi=10.1080/106351599260139]
http://barbarina.catchword.com/nw=1/rpsv/0014-3820^28^2944L.1956[csa=0014-3820^26vol=44^26iss=8^26firstpage=1956]
http://barbarina.catchword.com/nw=1/rpsv/0269-7653^28^299L.275[aid=760853,csa=0269-7653^26vol=9^26iss=3^26firstpage=275]
http://barbarina.catchword.com/nw=1/rpsv/1063-5157^28^2948L.254[aid=762545,cw=1,doi=10.1080/106351599260283]
http://barbarina.catchword.com/nw=1/rpsv/0014-3820^28^2952L.486[aid=8048,csa=0014-3820^26vol=52^26iss=2^26firstpage=486]
http://barbarina.catchword.com/nw=1/rpsv/0005-7959^28^29135L.981[csa=0005-7959^26vol=135^26iss=7^26firstpage=981]
http://barbarina.catchword.com/nw=1/rpsv/0029-8549^28^2984L.145[csa=0029-8549^26vol=84^26iss=2^26firstpage=145]
http://barbarina.catchword.com/nw=1/rpsv/1045-2249^28^298L.506[csa=1045-2249^26vol=8^26iss=5^26firstpage=506]
http://barbarina.catchword.com/nw=1/rpsv/0003-0147^28^29150L.179[csa=0003-0147^26vol=150^26iss=2^26firstpage=179]
http://barbarina.catchword.com/nw=1/rpsv/0962-8452^28^29267L.1735[aid=981324,cw=1,doi=10.1098/rspb.2000.1203]
http://barbarina.catchword.com/nw=1/rpsv/0029-8549^28^2972L.321[csa=0029-8549^26vol=72^26iss=3^26firstpage=321]


Lorch, P. D. & Eadie, J. M. 1999 Power of the concentrated
changes test for correlated evolution. Syst. Biol. 48, 170^191.

Losos, J. B. 1990 Concordant evolution of locomotor behaviour,
display rate and morphology in Anolis lizards. Anim. Behav.
39, 879^890.

Macey, J. R., Schulte, J. A., Larson, A., Ananjeva, N. B., Wang,
Y., Pethiyagoda, R., Rastegar-Pouyani, N. & Papenfuss, T. J.
2000 Evaluating trans-tethys migration: an example using
acrodont lizard phylogenetics. Syst. Biol. 49, 233^256.

Maddison, W. P. 1990 A method for testing the correlated
evolution of two binary characters: are gains or losses con-
centrated on certain branches of a phylogenetic tree? Evolution
44, 539^557.

Maddison, W. P. 1991 Squared-change parsimony reconstruc-
tions of ancestral states for continuous-valued characters on a
phylogenetic tree. Syst. Zool. 40, 304^314.

Maddison, W. P. & Maddison, D. R. 1992 MacClade: analysis of
phylogeny and character evolution. Sunderland, MA: Sinauer
Associates.

Maddison, W. P. & Maddison, D. R. 1999 MacClade version 3.08a
upgrade. Available free from http://www.phylogeny.arizona.
edu/macclade/macclade.html.

Marler, C. A. & Moore, M. C. 1988 Evolutionary costs of
aggression revealed by testosterone manipulations in free-
living male lizards. Behav. Ecol. Sociobiol. 23, 21^26.

Martins, E. P. 1991 Individual and sex di¡erences in the use of
the push-up display by the sagebrush lizard, Sceloporus
graciosus. Anim. Behav. 41, 403^416.

Martins, E. P. 1993 A comparative study of the evolution of
Sceloporus push-up displays. Am. Nat. 142, 994^1018.

Martins, E. P. & Garland Jr, T. 1991 Phylogenetic analyses of
the correlated evolution of continuous characters: a simula-
tion study. Evolution 45, 534^557.

Martins, E. P. & Lamont, J. 1998 Estimating ancestral states of
a communicative display: a comparative study of Cyclura rock
iguanas. Anim. Behav. 55, 1685^1706.

Mitani, J. C., Gros-Louis, J. & Manson, J. H. 1996 Number of
males in primate groups: comparative tests of competing
hypotheses. Am. J. Primatol. 38, 315^332.

Moody, S. M. 1980 Phylogenetic and historical biogeographical
relationships of the genera in the family Agamidae (Reptilia:
Lacertilia). PhD thesis, University of Michigan, Ann Arbor,
MI, USA.

Morris, M. R. & Ryan, M. J. 1996 Sexual di¡erence in signal-
receiver coevolution. Anim. Behav. 52, 1017^1024.

Nunn, C. L. 1999 The evolution of exaggerated sexual swellings
in primates and the graded-signal hypothesis. Anim. Behav. 58,
229^246.

Oakes, E. J.1992 Lekking and the evolution of sexual dimorphism
in birds: comparative approaches. Am. Nat. 140, 665^684.

Ortolani, A. 1999 Spots, stripes, tail tips and dark eyes:
predicting the function of carnivore colour patterns using the
comparative method. Biol. J. Linn. Soc. 67, 433^476.

Ortolani, A. & Caro, T. M. 1998 The adaptive signi¢cance of
colour patterns in carnivores: phylogenetic tests of classic
hypotheses. In Carnivore behaviour, ecology and evolution, vol. 2
(ed. J. L. Gittleman), pp. 132^188. London: Cornell
University Press.

Perry, G. 1996 The evolution of sexual dimorphism in the lizard
Anolis polylepis (Iguania): evidence from intraspeci¢c variation
in foraging behaviour and diet. Can. J. Zool. 74, 1238^1245.

Price, T. 1997 Correlated evolution and independent contrasts.
Phil.Trans. R. Soc. Lond. B 352, 519^529.

Purvis, A. & Rambaut, A. 1995 Comparative analysis by inde-
pendent contrasts (CAIC): an Apple Macintosh application
for analysing comparative data. Comp. Appl. Biosci. 11, 247^251.

Pyron, M. 1996 Sexual size dimorphism and phylogeny in
North American minnows. Biol. J. Linn. Soc. 57, 327^341.

Rand, A. S. 1967 Ecology and social organisation in the iguanid
lizard Anolis lineatopus. Proc. US Nat. Mus. 122, 1^77.

Reeder, T. W. & Wiens, J. J. 1996 Evolution of the lizard family
Phrynosomatidae as inferred from diverse types of data.
Herpetol. Monogr. 10, 43^84.

Roughgarden, J. & Pacala, S. 1989 Taxon cycle among Anolis
lizard populations: review of evidence. In Speciation and its
consequences (ed. D. Otte & J. A. Endler), pp. 403^432.
Sunderland, MA: Sinauer Associates.

Ruby, D. E. 1978 Seasonal changes in the territorial behavi-
our of the iguanid lizard Sceloporus jarrovi. Copeia 1978,
430^438.

Ruby, D. E. 1984 Male breeding success and di¡eren-
tial access to females in Anolis carolinensis. Herpetologica 40,
272^280.

Ryan, M. J. 1998 Sexual selection, receiver biases and the evolu-
tion of sex di¡erences. Science 281, 1999^2003.

Schoener, T. W. & Schoener, A. 1980 Densities, sex ratios, and
population structure in four species of Bahamian Anolis
lizards. J. Anim. Ecol. 49, 19^53.

Schoener, T. W. & Schoener, A. 1982 Intraspeci¢c variation in
home-range size in some Anolis lizards. Ecology 63, 809^823.

Schulte, J. A., Macey, J. R., Larson, A. & Papenfuss, T. J. 1998
Molecular tests of phylogenetic taxonomies: a general proce-
dure and example using four subfamilies of the lizard family
Iguanidae. Mol. Phylogenet. Evol. 10, 367^376.

Sigmund, W. R. 1983 Female preference for Anolis carolinensis
males as a function of dewlap colour and background coloura-
tion. J. Herpetol. 17, 137^143.

Sites, J. W., Davis, S. K., Guerra, T., Iverson, J. B. & Snell,
H. L. 1996 Character congruence and phylogenetic signal in
molecular and morphological data sets: a case study in the
living iguanas Squamata, Iguanidae. Mol. Biol. Evol. 13, 1087^
1105.

Stamps, J. A. 1977 Social behaviour and spacing patterns in
lizards. In Biology of the Reptilia, vol. 7 (ed. C. Gans &
D. W. Twinkle), pp. 265^334. New York: Academic Press.

Stamps, J. A. 1983 Sexual selection, sexual dimorphism, and
territoriality. In Lizard ecology: studies of a model organism (ed.
R. B. Huey, E. R. Pianka & T. W. Schoener), pp. 169^204.
Cambridge, MA: Harvard University Press.

Stamps, J. A. & Krishnan, V. V. 1994a Territory acquisition in
lizards. I. First encounters. Anim. Behav. 47, 1375^1385.

Stamps, J. A. & Krishnan, V. V. 1994b Territory acquisition in
lizards. II. Establishing social and spatial relationships. Anim.
Behav. 47, 1387^1400.

Stamps, J. A., Losos, J. B. & Andrews, R. M. 1997 A compara-
tive study of population density and sexual size dimorphism
in lizards. Am. Nat. 149, 64^90.

Stoddard, P. K. 1999 Predation enhances complexity in the
evolution of electric ¢sh signals. Nature 400, 254^256.

Swo¡ord, D. L. & Maddison, W. P. 1987 Reconstructing ances-
tral character states under Wagner parsimony. Math. Biosci.
87, 199^229.

Tokarz, R. R. 1985 Body size as a factor determining dominance
in staged agonistic encounters between male brown anoles
Anolis sagrei. Anim. Behav. 33, 746^753.

Tokarz, R. R. 1995 Mate choice in lizards: a review. Herpetol.
Monogr. 9, 17^40.

Tokarz, R. R. 1998 Mating pattern in the lizard Anolis sagrei:
implications for mate choice and sperm competition.
Herpetologica 54, 388^394.

Trivers, R. L. 1972 Parental investment and sexual selection.
In Sexual selection and the descent of man (1871^1971) (ed.
B. Campbell), pp. 136^179. Chicago, IL: Aldine Publishing
Company.

Trivers, R. L. 1976 Sexual selection and resource-accruing
abilities in Anolis garmani. Evolution 30, 253^269.

The evolution of signal complexity in lizards T. J. Ord and others 743

Proc. R. Soc. Lond. B (2001)

http://barbarina.catchword.com/nw=1/rpsv/0737-4038^28^2913L.1087[aid=760493,nlm=8865663]
http://www.phylogeny.arizona.edu/macclade/macclade.html
http://www.phylogeny.arizona.edu/macclade/macclade.html
http://barbarina.catchword.com/nw=1/rpsv/1063-5157^28^2948L.170[aid=981339,cw=1,doi=10.1080/106351599260517]
http://barbarina.catchword.com/nw=1/rpsv/0003-3472^28^2939L.879[aid=32446,csa=0003-3472^26vol=39^26iss=5^26firstpage=879]
http://barbarina.catchword.com/nw=1/rpsv/1063-5157^28^2949L.233[cw=1]
http://barbarina.catchword.com/nw=1/rpsv/0340-5443^28^2923L.21[aid=522707,csa=0340-5443^26vol=23^26iss=1^26firstpage=21]
http://barbarina.catchword.com/nw=1/rpsv/0003-3472^28^2941L.403[csa=0003-3472^26vol=41^26iss=3^26firstpage=403]
http://barbarina.catchword.com/nw=1/rpsv/0014-3820^28^2945L.534[aid=760778,csa=0014-3820^26vol=45^26iss=3^26firstpage=534]
http://barbarina.catchword.com/nw=1/rpsv/0003-3472^28^2955L.1685[aid=760780,doi=10.1006/anbe.1997.0722,nlm=9642012]
http://barbarina.catchword.com/nw=1/rpsv/0275-2565^28^2938L.315[aid=981342,csa=0275-2565^26vol=38^26iss=4^26firstpage=315,doi=10.1002/^28SICI^291098-2345^281996^2938:4^3C315::AID-AJP3^3E3.3.CO^3B2-Y]
http://barbarina.catchword.com/nw=1/rpsv/0003-3472^28^2952L.1017[aid=31381,csa=0003-3472^26vol=52^26iss=5^26firstpage=1017,doi=10.1006/anbe.1996.0249]
http://barbarina.catchword.com/nw=1/rpsv/0003-3472^28^2958L.229[aid=981343,csa=0003-3472^26vol=58^26iss=2^26firstpage=229,doi=10.1006/anbe.1999.1159,nlm=10458874]
http://barbarina.catchword.com/nw=1/rpsv/0003-0147^28^29140L.665[csa=0003-0147^26vol=140^26iss=4^26firstpage=665]
http://barbarina.catchword.com/nw=1/rpsv/0024-4066^28^2967L.433[aid=981345,csa=0024-4066^26vol=67^26iss=4^26firstpage=433,doi=10.1006/bijl.1998.0299]
http://barbarina.catchword.com/nw=1/rpsv/0008-4301^28^2974L.1238[csa=0008-4301^26vol=74^26iss=7^26firstpage=1238]
http://barbarina.catchword.com/nw=1/rpsv/0962-8436^28^29352L.519[aid=537607,csa=0962-8436^26vol=352^26iss=1352^26firstpage=519,nlm=9163825]
http://barbarina.catchword.com/nw=1/rpsv/0266-7061^28^2911L.247[aid=30612,csa=0266-7061^26vol=11^26iss=3^26firstpage=247,nlm=7583692]
http://barbarina.catchword.com/nw=1/rpsv/0024-4066^28^2957L.327[aid=761318,csa=0024-4066^26vol=57^26iss=4^26firstpage=327,doi=10.1006/bijl.1996.0020]
http://barbarina.catchword.com/nw=1/rpsv/0018-0831^28^2940L.272[aid=28161,csa=0018-0831^26vol=40^26iss=3^26firstpage=272]
http://barbarina.catchword.com/nw=1/rpsv/0036-8075^28^29281L.1999[aid=524207,nlm=9748154]
http://barbarina.catchword.com/nw=1/rpsv/0012-9658^28^2963L.809[csa=0012-9658^26vol=63^26iss=3^26firstpage=809]
http://barbarina.catchword.com/nw=1/rpsv/1055-7903^28^2910L.367[aid=761873,csa=1055-7903^26vol=10^26iss=3^26firstpage=367,doi=10.1006/mpev.1998.0541,nlm=10051389]
http://barbarina.catchword.com/nw=1/rpsv/0022-1511^28^2917L.137[csa=0022-1511^26vol=17^26iss=2^26firstpage=137]
http://barbarina.catchword.com/nw=1/rpsv/0737-4038^28^2913L.1087[aid=760493,nlm=8865663]
http://barbarina.catchword.com/nw=1/rpsv/0003-3472^28^2947L.1375[aid=981351,csa=0003-3472^26vol=47^26iss=6^26firstpage=1375,doi=10.1006/anbe.1994.1185]
http://barbarina.catchword.com/nw=1/rpsv/0003-3472^28^2947L.1387[aid=981352,csa=0003-3472^26vol=47^26iss=6^26firstpage=1387,doi=10.1006/anbe.1994.1186]
http://barbarina.catchword.com/nw=1/rpsv/0003-0147^28^29149L.64[aid=761380,csa=0003-0147^26vol=149^26iss=1^26firstpage=64]
http://barbarina.catchword.com/nw=1/rpsv/0003-3472^28^2933L.746[csa=0003-3472^26vol=33^26iss=3^26firstpage=746]
http://barbarina.catchword.com/nw=1/rpsv/0003-3472^28^2939L.879[aid=32446,csa=0003-3472^26vol=39^26iss=5^26firstpage=879]
http://barbarina.catchword.com/nw=1/rpsv/0003-3472^28^2958L.229[aid=981343,csa=0003-3472^26vol=58^26iss=2^26firstpage=229,doi=10.1006/anbe.1999.1159,nlm=10458874]
http://barbarina.catchword.com/nw=1/rpsv/0018-0831^28^2940L.272[aid=28161,csa=0018-0831^26vol=40^26iss=3^26firstpage=272]
http://barbarina.catchword.com/nw=1/rpsv/0003-3472^28^2947L.1387[aid=981352,csa=0003-3472^26vol=47^26iss=6^26firstpage=1387,doi=10.1006/anbe.1994.1186]


Vitt, L. J. 1983 Reproduction and sexual dimorphism in the tropi-
cal teiid lizard Cnemidophorus ocellifer. Copeia 1983, 359^366.

Vitt, L. J. & Cooper, W. E. 1985 The evolution of sexual
dimorphism in the skink Eumeces laticeps: an example of sexual
selection. Can. J. Zool. 63, 995^1002.
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