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Body size, male combat and the evolution of sexual
dimorphism in eublepharid geckos (Squamata:
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Lizards of the family Eublepharidae exhibit interspecific diversity in body size, sexual size dimorphism (SSD), head
size dimorphism (HSD), occurrence of male combat, and presence of male precloacal pores. Hence, they offer an
opportunity for testing hypotheses for the evolution and maintenance of sexual dimorphism. Historical analysis of
male agonistic behaviour indicates that territoriality is ancestral in eublepharid geckos. Within Eublepharidae,
male combat disappeared twice. In keeping with predictions from sexual selection theory, both events were associated with parallel loss of male-biased HSD and ventral scent glands. Eublepharids therefore provide new evidence
that male-biased dimorphic heads are weapons used in aggressive encounters and that the ventral glands probably function in territory marking rather than in intersexual communication. Male-biased SSD is a plesiomorphic
characteristic and was affected by at least three inversions. Shifts in SSD and male combat were not historically
correlated. Therefore, other factors than male rivalry appear responsible for SSD inversions. Eublepharids demonstrate the full scope of Rensch’s rule (small species tend to be female-larger, larger species male-larger). Most plausibly, SSD pattern hence seems to reflect body size variation. © 2002 The Linnean Society of London, Biological
Journal of the Linnean Society, 2002, 76, 303–314.
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INTRODUCTION
Sexual dimorphism (SD), defined as a phenotypic difference between males and females of a species, is a
common phenomenon in animals including reptiles
(Darwin, 1871; Andersson, 1994). Despite great theoretical effort (e.g. Slatkin, 1984; Shine, 1988, 1989;
Hedrick & Temeles, 1989; Kozlowski, 1989; Reeve &
Fairbairn, 2001), there is still controversy as to what
conditions promote SD and from which mechanism it
has evolved.
The most prevalent explanation for the origin and
maintenance of SD in reptiles is still Darwin’s original sexual selection theory. It predicts a correlation
between gains/losses of sexually selected traits and
major forms of competition among males (Wiens,
2001). Males should be the larger sex (Shine, 1978,
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1994; Berry & Shine, 1980) and they should exaggerate organs related to rivalry success (weapons)
and/or territory advertisement in lineages exhibiting
male–male aggression. In lizards, heads are typically
used as weapons in combats. Taxonomically widespread male-biased head size dimorphism (HSD)
therefore probably reflects that head size apparently
determines the outcome of direct physical aggressive
encounters (Carothers, 1984; Vitt & Cooper, 1985;
Vial & Stewart, 1989; Anderson & Vitt, 1990; Hews,
1990; Mouton & Wyk, 1993). Lizards also engage in a
number of threat displays without physical combat or
risk of injury, such as push-up displays or chemical
signals (Martins, 1994). Many lizards (both iguanian
and scleroglossan) exhibit sexually dimorphic ventral
glands producing waxy secretions. Their precise significance remains unclear. However, they probably
function as chemical signals in territory advertisement (Duvall, 1979; Alberts, 1991). Consequently, if
the function of the waxy secretion in threat displays
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is correct, the reduction in male territoriality should
be associated with a loss of these ventral glands.
Not so intuitively, the variable that has been repeatedly reported to affect sexual size dimorphism (SSD)
in animals is body size itself. Females tend to be larger
than males in small species, males larger than females
in large species (Colwell, 2000). This general trend
commonly known as ‘Rensch’s rule’ has been found
many times in various taxa (reviewed in Fairbairn,
1990, 1997; Abouheif & Fairbairn, 1997; Colwell,
2000). Although the functional and adaptive consequences of this empirical allometry for SSD remains
unclear (Fairbairn, 1997), we feel that every comparative study of SD should encompass investigation
of SSD scaling to body size as it might strongly influence the observed pattern.
Phylogenetic analysis of both SD and possible
explanatory characters (e.g. male–male aggression,
body size) within a single lineage exhibiting substantial variation in all these characters is a powerful tool
for testing hypotheses explaining SD. Regrettably,
because of widespread phylogenetic conservatism, lineages in which closely related taxa differ significantly
in salient traits are scarce among reptiles (Shine
& Fitzgerald, 1995). The present study provides
documentation of variation in traits of interest in
eublepharid geckos. The family Eublepharidae is
a monophyletic assemblage, sister group of all other
gekkotan lizards (Kluge, 1987). The phylogenetic relationships among the eublepharid species are wellcorroborated (phylogeny based on morphology Kluge,
1975; Grismer, 1983, 1988, 1991; Grismer, Viets &
Boyle, 1999; molecular approach Ota et al., 1999).
There is considerable variation in body size within this
family – the largest species Eublepharis angramainyu
Anderson & Leviton, 1966 is more than 20 times
heavier than the smallest Coleonyx brevis Stejneger,
1893. Male contests have been reported as regular
behaviour in some eublepharid species, while the
evidence concerning male-male aggression is still
equivocal or lacking in others (Greenberg, 1943; Dial,
1978; Benefield, Gimpe & Olsen, 1981; Viets et al.,
1994). Males of most species possess conspicuous precloacal pores and frequently mark substrates with the
secretions of these scent glands (Brandstaetter, 1992;
Kratochvíl, pers. observ.), but pores are completely
missing in Holodactylus and some Goniurosaurus
species (Grismer, 1988; Grismer et al., 1999). All eublepharids except Aeluroscalabotes felinus (Günther,
1864), the only arboreal form (Inger & Greenberg,
1966) share similar ecology – they are nocturnal and
terrestrial (Grismer, 1988). Moreover, the general
biology of this group is well understood as E. macularius Blyth, 1854 is one of the most extensively
studied lizards (recent reviews in Crews, Sakata &
Rhen, 1996; Crews, 1998; Crews et al., 1998).

Our objective was to review original and published
data on SSD, HSD, precloacal glands presence and
male combat occurrence in eublepharids. Next, we
used members of this family as a study system to
analyse the mechanisms underlying variation in sexually dimorphic traits. We performed historical analysis (sensu McLennan, 1991; Dial & Grismer, 1992) of
character changes and explored how behavioural and
morphological traits have been associated within this
family. We were specifically interested in the possible
role played by male–male combat and body size variation in the evolution of dimorphism in this group.

MATERIAL AND METHODS
We studied 958 captive individuals belonging to the
following nine eublepharid species (number of individuals examined are given in parentheses): Coleonyx
brevis (62), C. elegans Gray, 1845 (119), C. mitratus
(Peters, 1845) (62), C. variegatus (Baird, 1858) (30),
Eublepharis angramainyu (15), E. macularius (317),
Goniurosaurus luii Grismer, Viets & Boyle, 1999 (39),
G. kuroiwae (Namiye, 1912) (12), Hemitheconyx
caudicinctus (Duméril, 1851) (170) and Holodactylus
africanus Boettger, 1893 (132). All the individuals
came from breeding stocks, except for H. africanus
(from unknown locality in Tanzania), E. angramainyu
(collected by the authors and their coworkers in Iran
and Syria) and 10 individuals of C. elegans (from
Mexico), 16 C. variegatus (from Arizona) and 63 H.
caudicinctus (from Ghana). For each individual, we
recorded the sex according to external characters,
snout–vent length (SVL), head length (HL, from the
anterior edge of tympanum to the tip of snout) and
head width (HW, in the widest point of head).
Controversy still exists, whether ratios or residuals
should be used to estimate SD (cf. Ranta, Laurila &
Elmberg, 1994; Zamudio, 1998; Smith, 1999). For
reasons recently discussed in detail in Smith (1999),
we decided to employ Lovich–Gibbons revised two-step
ratio (Lovich & Gibbons, 1992):
(1) if M ≥ F, dimorphism = M/F
(2) if F ≥ M, dimorphism = 2 - F/M
where M, F are the measures of male and female
traits, respectively, (i.e. estimation of SVL or head size
in our case).

THE

CHARACTERS

Sexual size dimorphism
Estimation of SSD is highly sensitive to individual
growth trajectories of the study animals (e.g. Powell
& Russell, 1985; Madsen & Shine, 1993; St. Clair,
1998; Brown et al., 1999; for reviews see Stamps, 1993;
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Stamps & Krishnan, 1997). To evaluate the growth
mode of eublepharids, we examined the growth curves
of both sexes of four species (E. macularius, C. brevis,
C. elegans, C. mitratus). This sample includes one
species with temperature-dependent sex determination (E. m.) and two species with genotypic sex determination (C. m., C. b.) (Viets et al., 1993; Bragg,
Fawcett & Bragg, 2000). As far as we know, the mechanism of sex determination in C. elegans has not been
examined. The environmental effects on growth in
reptiles have been well documented (e.g. Ferguson &
Talent, 1993; Madsen & Shine, 1993; Niewiarowski &
Roosenburg, 1993; Sinervo & Adolph, 1994), including
in a study of E. macularius (Autumn & DeNardo,
1995). Therefore, we measured growth under standardized conditions. Experimental individuals were
kept in cages 30 ¥ 30 ¥ 30 cm with shelters and substrate (wet peat-moss or sand according to preferred
humidity). They were placed in a centrally heated
room with temperature between 25 and 27°C (near the
preferred body temperature in eublepharids (Dial &
Grismer, 1992) and a 12 : 12 light/dark cycle. Water
and food (vitaminized crickets and mealworms) were
provided ad libitum. Animals were regularly measured from hatching up to the age of approximately 2
years in intervals of 1 or 2 months. The growth was
evidently asymptotic, so the two asymptotic growth
models were fitted to pooled data of the species and
sex in question: the logistic-by-length model (Schoener
& Schoener, 1978; Powell & Russell, 1985) SVL = (a3/(1
+ be-r*t)1/3 and the von Bertalanffy model (St. Clair,
1998) SVL = a(1 - e-k(t-t0)), where e is the base of the
natural logarithm, t is age (in days), a is the asymptotic SVL (in mm), k is the rate of approach to asymptotic SVL, r is the characteristic growth rate, t0 is the
hypothetical time at length zero, and b is the function
of the length at birth. The logistic model explained a
larger fraction of the variance (Table 1), so we used
this model to estimate the asymptotic SVL.
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Unfortunately, growth curves were not available
for all studied species. Therefore, we had to search for
another simple statistics well estimating the asymptotic size. Maximum SVL has been repeatedly used
for this purpose (Stamps & Andrews, 1992), but it
clearly overestimates asymptotic body size and is
highly sensitive to unbalanced sex ratio. Alternatively,
the use of percentiles has been recommended both for
theoretical and empirical reasons (cf. Brown et al.,
1999). We found that 90-percentiles of SVL (Table 2,
computed from overall samples of given species
and sex, pseudoreplications excluded) fit well the
asymptotic values computed by the logistic model.
There was a strong correlation (n = 8, r = 0.990,
P < 0.00001) between these two estimates. Hence, we
feel confident to use 90-percentile as an appropriate
evaluation of body size. However, use of maximum
SVL instead of 90-percentile values did not change
the results; thus we report only the latter analyses.
Wherever possible, we added published data on SVL
in species least represented (E. angramainyu, G.
kuroiwae) or lacking (C. reticulatus Davis & Dixon,
1958) in our material.
Head size dimorphism
In order to lessen the number of analyses and reduce
the variance, we expressed head size as a single
variable (HS), the geometric mean of HL and HW.
Data were natural log-transformed before analysis. To
avoid individuals in transitional allometry between
juvenile and adult, only those reaching at least 70%
of maximum SVL were included into HSD analysis.
Analysis of covariance (ANCOVA) in which sex was
given as factor and SVL as a covariate was introduced
to compare HS between the sexes of the same species.
Back-transformed values of the adjusted means were
used to determinate HSD indexes (Lovich–Gibbons
ratios, see above). This procedure was substantiated
by the absence of significant (P > 0.05 in each of

Table 1. Growth curves characteristics for males, resp. females for four species of eublepharid geckos
Asymptotic SVL (mm), R2
Species

Sex

Number of pseudoreplicates (individuals)

logistic model

von Bertalanffy model

E. macularius

males
females

48 (13)
238 (51)

124.79, 97.0
113.12, 89.6

128.40, 96.5
117.50, 88.5

C. mitratus

males
females

65 (18)
75 (19)

74.38, 95.2
72.86, 93.6

76.96, 93.0
74.84, 92.7

C. elegans

males
females

46 (12)
48 (12)

80.43, 92.6
78.90, 87.7

82.70, 89.8
81.37, 86.0

C. brevis

males
females

16 (6)
14 (5)

46.21, 92.5
51.27, 91.5

47.46, 92.7
53.55, 92.6
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Table 2. Sex specific data for snout–vent length and SSD indexes (Lovich–Gibbons ratios) for 11 eublepharid species

Species

n males, females

Max. SVL (mm) males, females

90-percentile of SVL (mm)
males, females

SSD index

E. macularius
C. mitratus
H. caudicinctus
C. elegans
C. brevis
C. variegatus
H. africanus
G. kuroiwae*
E. angramainyu†
G. luii
C. reticulatus‡

72,
24,
65,
52,
29,
18,
63,
197,
9,
17,
9,

137.8,
96.1,
144.5,
107.7,
62.0,
66.6,
73.5,
96.0,
170.0,
117.15,
94.0,

125.1, 121.7
88.7, 79.7
138.7, 121.7
86.6, 82.2
55.5, 59.7
63.9, 68.9
69.9, 74.7
92.0, 96.0
170.0, 156.4
113.2, 117.6
94.0, 91.0

1.03
1.11
1.14
1.05
0.92
0.92
0.93
0.96
1.09
0.96
1.03

126
32
99
34
26
11
68
196
8
22
6

128.7
86.8
128.4
91.2
66.6
69.0
78.6
100.0
156.4
122.8
91.0

*Data from Tanaka & Nishihira (1989). †Data added from Baloutch & Thireau (1986); Anderson (1999). ‡Data from Seifert
& Murphy (1972); Seifert, Rainwater & Kasper (1973); Easterla & Reynolds (1975).

studied species) differences between the sexes in
slopes of allometric relationships.
Male combats
To assess the existence of male–male aggressiveness,
we performed simple behavioural experiments. We
added a second nonfamiliar sexually mature male
(intruder) to the cage with a single, resident male and
recorded the occurrence of the combat. Resident males
were kept in isolation for at least 1 week before each
trial. Owing to geckos’ nocturnality and cryptic way of
life, all the trials were carried out in the evening hours
in dim light. Each trial started after gentle removal
of the shelter and lasted 10 min or was interrupted in
the moment of attack. Only vigorous, healthy and
regularly feeding animals were included in the experiments. Numbers of tested residents were as follows:
20 males of E. macularius, four males of E. angramainyu, nine males of H. caudicinctus, 16 males of C.
elegans, 14 males of C. mitratus, eight males of C.
brevis, eight males of C. variegatus and six males of
H. africanus. In the case of the last mentioned species
the experiments were repeated several times and the
results were verified by the observation of groups of
recently imported individuals (n ª 60) when taking
their measurements.

PHYLOGENY

OF

EUBLEPHARIDAE

Phylogenetic relationships within the eublepharid
clade have been repeatedly studied. We combined
numerous morphological and physiological features
from the works of Kluge (1975) and Grismer and his
coworkers (Grismer, 1983, 1988, 1991; Dial & Grismer,
1992; Grismer et al., 1999) and molecular data (12S
rRNA and 16S rRNA gene sequences) of Ota et al.

(1999) to compute a total evidence tree. Gekko gecko
(Linnaeus, 1758), a member of the sister family
Gekkonidae, was used as the outgroup. Altogether,
we obtained 428 informative characters. Phylogenetic analysis was performed employing maximumparsimony method (heuristic search) using PA U P *4.0,
ver. b2a (Swofford, 1998). Bootstrap search performed
1000 pseudoreplicates. To test for congruence between
molecular and nonmolecular data, we used the method proposed by Wiens (1998). Mitochondrial rDNA
sequences and the nonmolecular characters (mostly
morphological) were analysed separately, and support
for individual clades was evaluated by bootstrapping.
The position of Aeluroscalabote felinus differs between
these two datasets. Ota et al. (1999) debated discrepancies between molecular and morphological data in
more details. The tree from the combined data was
taken to be the best approximation of phylogeny. The
resulting cladogram (Fig. 1) was quite robust, half the
nodes received 90% or greater bootstrap support and
all but two of the 19 nodes received greater than 50%
bootstrap support. However, the position of A. felinus
should be taken with caution. The cladogram was
nearly congruent with previously published phylogenetic hypothesis. The main exception was the position
of the genus Goniurosaurus as a sister clade of
the genus Coleonyx. Goniurosaurus has previously
been proposed as the sister group of the Eublepharis
+(Hemitheconyx+Holodactylus) clade (Grismer, 1988;
Dial & Grismer, 1992).
However, the altered topology does not affect our
results (not shown) and former reconstruction of body
size evolution and precloacal pores presence. According to previous analysis (Grismer, 1988; Grismer et al.,
1999), ancestral large body size (SVL > 97 mm) and
presence of glands is the most parsimonious solution
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Figure 1. Total evidence tree for Eublepharidae with bootstrap supports.

for the eublepharid geckos. Small size of Holodactylus,
Coleonyx and Goniurosaurus lichtenfelderi-hainanensis-kuroiwae clade and the absence of secretory glands
in H. africanus and G. kuroiwae group were considered
to be derived. Within the genus Coleonyx, there was an
additional reduction of body size in the ancestor of the
variegatus-brevis-fasciatus clade (Grismer, 1988).
The computed cladogram was used to carry out historical analysis of changes in studied characters, and
to analyse relationships between SSD, HSD and body
size using independent contrast analysis (Felsenstein,
1985). We generated the independent contrasts of
log(male body size), log(female body size), log(SSD
index) and log(HSD index) by the software C O M PA R E
ver. 4.4 program (Martins, 2001). All branch lengths
were set to 1. We used this branch lengths because a
diagnostic of Garland, Harvey & Ives (1992) revealed
that the contrasts were appropriately standardized.
To test the consistency with Rensch’s rule, we computed the slope (b) of allometry in the contrasts of
log(female body size) on the contrasts of log(male body
size) in major axis regression (model 2). A slope less
than unity indicates conformity (Abouheif &
Fairbairn, 1997). All correlations and regressions
using contrasts were computed through the origin.

RESULTS
MORPHOLOGICAL

TRAITS

Sexual size dimorphism
Studied species differ in their SSD, both female-biased
and male-biased size-dimorphism occurs within euble-

pharid clade (Table 2). The male-biased species are C.
elegans, C. mitratus, E. macularius and H. caudicinctus. Although only limited data are available in C.
reticulatus and E. angramainyu, we could tentatively
include them into male-biased species. On the other
hand, females are the larger sex in C. brevis, C.
variegatus, H. africanus, G. luii and G. kuroiwae.
Head size dimorphism
We adopted one-factor A N C O VA with sex as a factor
and SVL as a covariate to test intersexual differences
in size-adjusted head size (Table 3). Males have significantly (all P < 0.05) larger heads than conspecific
females in E. macularius, H. caudicinctus, G. luii and
in all the four studied species of the genus Coleonyx.
Although sample sizes were small in E. angramainyu,
this species exhibits the same pattern, its HSD being
only marginally insignificant (P = 0.06 for two-tailed
test, i.e. 0.03 for less conservative one-tailed test). In
spite of the large sample, the sexes of H. africanus are
not dimorphic in the relative head size. A N C O VA
proved female-biased HSD in G. kuroiwae.

MALE–MALE

COMBAT

All species except H. africanus exhibited male combat
in our experimental trials. Usually, aggression (biting)
between tested males occurred and trials were interrupted prior to the 10-min limit. Combat between
males of H. africanus has never been recorded. Tanaka
& Nishihira (1987, 1989) did not observed male–male
combats during their extensive field study of G.
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Table 3. Results from ANCOVAs of head size of the nine eublepharid species with respect to sex. All the interactions between
the factor (sex) and the covariate (SVL) were insignificant (P > 0.05). HSD indexes are Lovich–Gibbons ratios of backtransformed adjusted means
Species

d.f.

P

F

Adjusted means (m, f)

HSD index

E. angramainyu
E. macularius
C. mitratus
H. caudicinctus
C. elegans
C. brevis
C. variegatus
H. africanus
G. luii
G. kuroiwae

1,
1,
1,
1,
1,
1,
1,
1,
1,
1,

0.065
<0.0001
<0.0001
<0.0001
<0.001
<0.01
<0.0001
0.165
<0.01
0.044

4.37
21.85
39.44
31.62
13.62
7.97
42.37
1.95
10.26
5.44

32.38,
24.86,
16.00,
25.40,
14.48,
10.67,
12.31,
15.68,
24.51,
17.73,

1.02
1.04
1.05
1.04
1.03
1.04
1.06
0.99
1.04
0.97

9
86
48
125
83
19
26
122
29
9

PREANAL
PORES

?

HSD
COMBAT

31.68
24.03
15.18
24.54
14.06
10.25
11.58
15.84
23.68
18.26

CE CM CR CV CB GK GL EA EM HC HA

Figure 2. Historical analysis of character states in Eublepharidae. Black lines show male-larger species, grey lines femalelarger species. Species shorts are in rectangles in species with antagonistic males, in circles in peaceful species. Open
triangles represent male-biased HSD, solid triangles represent the lack of HSD. Open squares stand for the presence of
preanal pores in males, their missing is indicated by black solid squares. Abbreviations: CE, Coleonyx elegans; CM, C.
mitratus, CR, C. reticulates; CV, C. variegates; CB, C. brevis; GK, Goniurosaurus kuroiwae; GL, G. luii; EA, Eublepharis
angramainyu; EM, E. macularius; HC, Hemitheconyx caudicinctus; HA, Holodactylus africanus.

kuroiwae, and consequently we consider this species
nonaggressive as well. In contrast, male–male aggression was also reported in another two eublepharid
species: C. reticulatus (Dial, 1978) and G. luii
(Sotorník, pers. comm.).

PATTERN

OF CHARACTER CHANGES

Character states (SSD, HSD, Combat) when plotted
onto the cladogram (only species for which there is

information regarding the characters concerned were
included) indicate the following parsimonious reconstruction (Fig. 2): male-biased SSD, male-biased HSD,
presence of male-male combat and preanal pores are
ancestral (plesiomorphic) states:
(1) Five female-biased species were produced by three
events: in the ancestor of H. africanus, in the
ancestor of Goniurosaurus clade, and the ancestor
of C. variegates–C. brevis clade;
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Figure 3. Contrasts in female size (SVL) vs. contrasts in
male size for eublepharid geckos. Line is the major axis
fitted to these data. Its slope is significantly less then 1,
and thus shows the consistency with Rensch’s rule.

(2) Male-male combats;
(3) Male-biased HSD; as well as
(4) Preanal pores disappeared twice, in the ancestor
of H. africanus and the ancestor of G. kuroiwae.

Maddison’s concentrated changes test (Maddison,
1990) confirms that associations of male combat disappearance and male-biased HSD or preanal pores
loss could not easily have occurred by chance (P <
0.01).
Independent contrasts in SSD correlate well with
female, resp. male body size contrasts (r = 0.781, P <
0.01, resp. r = 0.826, P < 0.01, n = 10). SSD thus
significantly increase with body size. On the other
hand, contrasts in HSD do not correlate with SSD,
female, resp. male body size contrasts (all P > 0.25).
Contrasts in female body size and male body size
correlate strongly (r = 0.985, P < 0.001, n = 10).
Ordinary least square regression confirms, that SSD
allometry in eublepharids is consistent with Rensch’s
rule (allometric exponent b is < 1, b = 0.79, SE 0.05)
(Fig. 3).

DISCUSSION
CHARACTER

STATES

Every analysis of SSD in lizards is affected by methodological difficulties in the determination of adult size,
as they share with other poikilothermic vertebrates
the indeterminate growth. To avoid the potentially
confounding effects of individual growth and its
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plasticity, precise knowledge of the shape of growth
curves in studied species and common-garden design
is needed. In eublepharids, individual growth was
studied in E. macularius (laboratory data, reviewed
in Crews et al., 1998), C. variegatus (field data,
Parker, 1972) and G. kuroiwae (field data, Tanaka &
Nishihira, 1989). Our common-garden experiment
supports the earlier findings that eublepharids exhibit
asymptotic growth curves, i.e. growth slows markedly
after sexual maturity. Thus, we were able to verify
applicability of our body size estimates. Moreover,
there is no discrepancy between our results and published records of SSD in eublepharids (e.g. E. macularius: Thorogood & Whimster, 1979; Crews et al.,
1998; H. caudicinctus: Loveridge, 1947; C. brevis:
Smith, 1946; Dixon, 1970; C. variegatus: Smith, 1946;
Parker, 1972).
Males of E. macularius (e.g. Thorogood & Whimster,
1979; Brillet, 1993), H. caudicinctus (Viets et al.,
1994), and C. reticulatus (Dial, 1978) were reported as
strongly territorial and antagonistic. We corroborate
the analogous behaviour in all the other studied
species except H. africanus. Surprisingly, we also
found strong male–male aggression in two small
North American species, C. variegatus and C. brevis,
where evidence concerning their combat behaviour
was equivocal (Greenberg, 1943; Dial, 1978; Benefield
et al., 1981) or that were previously considered to
be even nonaggressive (Viets et al., 1994). We believe
that differences in design of experiments could explain these discrepancies. Conditions set in our tests
provoke male aggressiveness. Tests were conducted
only on sexually mature males, and we employed the
effect of residency and social isolation, both known to
sustain agonistic behaviour in many animals.

HISTORICAL ANALYSIS
In evaluating coincidence between evolutionary
events, we are limited by the small number of extant
species of the family Eublepharidae, as well as by
uncertain phylogeny of its sister clade, the families
Gekkonidae and Pygopodidae. Therefore, we restricted our analyses to eublepharids excluding the
genus Aeluroscalabotes, which has a completely different (arboreal) way of life.
Fortunately, the number of ‘female-larger’ species is
small; the species concerned possess many derived
characters (Grismer, 1988; Grismer et al., 1999), and
thus events of SSD inversions can be easily located.
This applies even more to the absence of male combat,
male-biased HSD and precloacal pores. The small
number of changes and thus relatively large phylogenetic conservatism in studied traits enabled us to
reconstruct the ancient, likely Laurasian (Kluge,
1987; Ota et al., 1999) ancestor of the family Euble-
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pharidae. This early eublepharid was probably a large,
‘male-larger’ species. The males were strongly territorial, marked their territory with secretions of precloacal glands and possessed larger heads than females.
Because all these traits varied within sister lineages
of the gekkotan clade, these findings have great
impact on the polarity of these character states in
geckos, the key group for the resolution of the primitive condition of territoriality in lizards (Martins,
1994).

EVOLUTION

OF SEXUAL DIMORPHISM

According to our experience, female aggression is rare
in eublepharids and female contests are much less
vigorous or even nonexist. Therefore, we considered
male combats are for access to females. In reptiles, the
combat success is usually positively correlated with
larger body size (e.g. Olsson, 1992; Zucker & Murray,
1996; Schuett, 1997). Reasonably, the occurrence of
male combat suggests sexual selection for larger male
body size and the loss of this selective force could be
followed by the disappearance of male-biased SSD
(Shine & Fitzgerald, 1995). However, not all the
inversions in SSD in eublepharids are historically
connected with changes in male combat occurrence. C.
variegates–C. brevis clade and G. luii are simultaneously female-biased and aggressive in contrast to
predictions of sexual selection theory. Obviously, the
presence of sexual selection acting on male body size
itself does not provide information which is the larger
sex, the phenomenon previously reported in some
other taxa (e.g. Greenwood & Adams, 1987).
What other mechanism can better explain the
observed pattern? Sexual differences in niche utilization (reviewed in Shine, 1989; Fairbairn, 1997) generally cannot be a critical factor for evolution of SD in
eublepharid geckos, e.g. it cannot clarify inversions
observed in SSD. Furthermore, sexual differences in
feeding apparatus are a crucial step for feeding niche
segregation. Head size is one of the most important
traits for feeding niche utilization in gape-limited
predators such as geckos. Accordingly, consumed prey
size increases indeed with head size in C. variegatus
(Parker & Pianka, 1974). The direction of HSD in this
species and related C. brevis, where the larger sex
posses smaller heads, thus decrease (rather than
increase, as predicted by the above hypothesis) the
sexual differences in gape size.
SSD reflects selective forces acting on the female as
well as the male. Selection may favour large females,
because female fecundity is proportional to body size
(Darwin, 1871; Shine, 1988; Braña, 1996). Accordingly,
clutch size indeed usually increases with female body
size among lizards (e.g. Braña, 1996; Cuadrado, 1998),

but we can control this effect by studying lineages
with invariant clutch size (Shine & Greer, 1991).
Eublepharids have invariant clutches of two eggs
(e.g. Smith, 1946; Parker, 1972; Werner, 1972; Dial &
Fitzpatrick, 1981), so selection for large female size
attributable to increased fecundity is eliminated.
However, the possibility still exists that clutch frequency or egg size, not number of eggs, could be an
important determinant of reproductive success. In
lizards, fitness benefit to larger egg size (mass) due to
effect on juvenile size, mortality or locomotor performance is well documented (Sinervo, 2000). Relative
clutch masses (RCM, egg weight/total wet weight of
female ¥ 100) of all species of eublepharids with known
RCM are very high and nearly constant among the
studied species (mean ± SD): 18.3 ± 1.7 in C. variegatus (n = 14, Parker & Pianka, 1974), 19.7 ± 1.9 in C.
mitratus (n = 20), 19.8 ± 2.6 in C. elegans (n = 20), and
17.8 ± 2.0 in E. macularius (n = 14, Kratochvíl, unpubl.
observ.). In the latter three species, the clutch mass
positively correlates with female mass (r = 0.567,
0.662, resp. 0.795, all significant at P < 0.01). Both
these findings indicate the existence of interspecific
and intraspecific constraints (e.g. limited space within
the body cavity or cost of transporting reproductive
loads) that do not allow the female to increase eggs
relatively to her body size. We can therefore assume
that the only opportunity to increase an egg size in
these geckos is to enlarge body size of the female.
How can these circumstances influence the interspecific pattern of SSD? Independent contrasts analysis confirms positive relationship between body size
and SSD, historical analysis detected several events of
considerable decrease of body size in eublepharids
(Grismer, 1988; Grismer et al., 1999). Body size has a
central role in the life history (Stearns, 1992), suggesting body size of both males and females will be
under strong selection and near equilibrium values.
When a selection for smaller body size concerning both
sexes occurs (e.g. limited resources, or high predator
pressure favouring early maturation and short life
connected with small size), males could decrease their
body size more than conspecific females. Males are not
constrained by litter (egg) size while females of small
species are not allowed to be even smaller. Males are
therefore predicted not to be under as intense stabilizing selection on body size as females. In fact, a lot
of comparative methods in different animals found an
allometric trend in which male body size changes
faster than female body size as the average size of
the species increases (i.e. allometry consistent with
Rensch’s rule, Abouheif & Fairbairn, 1997; Colwell,
2000). This is also the case of eublepharids (objectively, taking all sex-species categories of this family
together, the largest is the category of males of E.
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angramainyu, the smallest is the category of males of
C brevis). We suggest that the proposed mechanism
(more constrained female size compared to male size)
could explain commonly observed correspondence to
the Rensch’s rule in other animal lineages.
Most plausibly, the observed SSD pattern in eublepharids seems to result from effects of body size variation or its correlates. On the other hand, HSD fit the
predictions of sexual selection theory. Males have
larger relative head size than conspecific females and
they exhibit strong male–male aggression in all but
two studied species. The two independent disappearances of HSD found in H. africanus and G. kuroiwae
were connected with the losses of male combat.
Consequently, eublepharids give new indirect evidence
that male-biased dimorphic heads are actually
weapons used in aggressive encounters.
Yet another morphological structure perfectly corresponds to both changes in social structure – the lack of
precloacal pores in males of H. africanus and G. kuroiwae. To our knowledge, this parallel loss of ventral
glands associated with a reduction in male territoriality constitutes the first interspecific support that pore
secretions have indeed territory marking functions
(Duvall, 1979; Alberts, 1991; Cooper, Van Wyk &
Mouton, 1996). Precloacal pore secretions were otherwise suggested to function as the source of pheromones
allowing sex recognition (Cooper, López & Salvador,
1994). However, this explanation does not predict
found association and thus seems less plausible. Moreover, for sex recognition eublepharids use chemical
stimuli from the trunk skin (Mason & Gutzke, 1990).
The study of the changes in macroevolutionary
pattern in secondary sexual characteristics should
include consideration of the role of the proximate
mechanisms generating the traits (Emerson, 2000).
Although we have only limited information on these
questions in eublepharids, the coevolution of all three
secondary sexual characteristics seems reasonable on
the proximate level. The aggression, expansion of head
width and the development and secretion of precloacal pores are under direct control of the sole hormone
(testosterone) in E. macularius (for reviews, see Crews
et al., 1998; Crews, 1998). As a result, an association
of the character changes may simply reflect common
proximate mechanism controlling traits expression.
Even a single change in such a mechanism might have
a strong effect on very different features (e.g. morphological, physiological, behavioural). Consequently,
it might be misleading to take them as independent
when carrying out historical analyses or cladogram
construction. In any case, the potential drop in androgen level, or hormone receptor characteristics in eublepharid species having derived social system warrants
further research on comparative physiology.
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J13/98113100004.

REFERENCES
Abouheif E, Fairbairn DJ. 1997. A comparative analysis of
allometry for sexual size dimorphism: assessing Rensch’s
rule. American Naturalist 149: 540–562.
Alberts AC. 1991. Phylogenetic and adaptive variation in
lizard femoral gland secretions. Copeia 1991: 69–79.
Anderson SC. 1999. The Lizards of Iran. Ithaka, New York:
Society for the Study of Amphibians and Reptiles.
Anderson RA, Vitt LJ. 1990. Sexual selection versus alternative causes of sexual dimorphism in teiid lizards. Oecologia 84: 145–157.
Andersson M. 1994. Sexual Selection. Princeton, New Jersey:
Princeton University Press.
Autumn K, DeNardo DF. 1995. Behavioral thermoregulation
increases growth rate in nocturnal lizard. Journal of Herpetology 29: 157–162.
Baloutch M, Thireau M. 1986. Une espece nouvelle de gecko
Eublepharis ensafi (Sauria, Gekkonidae, Eublepharinae) du
Khouzistan (sud ouest de l’Iran). Bulletin Mensuel de la
Société Linnéenne de Lyon 55: 281–288.
Benefield GE, Grimpe RD, Olsen E. 1981. Aspects of reproduction in western banded geckos Coleonyx variegatus at
Tulsa Zoo. International Zoo Yearbook 21: 83–87.
Berry JF, Shine R. 1980. Sexual size dimorphism and sexual
selection in turtles (order Testudines). Oecologia 44: 185–
191.
Bragg WK, Fawcett JD, Bragg TB. 2000. Nest-site selection in two eublepharid gecko species with temperaturedependent sex determination and one with genotypic sex
determination. Biological Journal of the Linnean Society
69: 319–332.
Braña F. 1996. Sexual dimorphism in lacertid lizards: male
head increase vs. female abdomen increase? Oikos 75: 511–
523.
Brandstaetter F. 1992. Observations on the teritory –
marking behaviour of the gecko Eublepharis macularius.
Hamadryad 17: 17–20.

© 2002 The Linnean Society of London, Biological Journal of the Linnean Society, 2002, 76, 303–314

312

L. KRATOCHVÍL and D. FRYNTA

Brillet C. 1993. Behavioural cues in sex recognition by two
species of nocturnal lizards: Eublepharis macularius and
Paroedura pictus. Amphibia Reptilia 14: 71–82.
Brown RP, Znari M, El Mouden EH, Harris P. 1999.
Estimating asymptotic body size and testing geographic
variation in Agama impalearis. Ecography 21: 277–283.
Carothers JH. 1984. Sexual selection and sexual dimorphism
in some herbivorous lizards. American Naturalist 124: 244–
254.
Colwell RK. 2000. Rensch’s rule crosses the line: convergent
allometry of sexual size dimorphism in hummingbirds and
flower mites. American Naturalist 156: 495–510.
Cooper WE Jr, López P, Salvador A. 1994. Pheromone
detection by an amphisbaenian. Animal Behaviour 47: 1401–
1411.
Cooper WE Jr, Van Wyk JH, Mouton PF. 1996. Pheromonal
detection and sex discrimination of conspecific substrate
deposits by the rock-dwelling cordylid lizard Cordylus cordylus. Copeia 1996: 839–845.
Crews D. 1998. On the organization of individual differences
in sexual behavior. American Zoologist 38: 118–132.
Crews D, Coomber P, Baldwin R, Azad N, Gonzales-Lima
F. 1996. Brain organization in reptile lacking sex chromosomes: effects of gonadectomy and exogenous testosteron.
Hormones and Behavior 30: 474–486.
Crews D, Sakata J, Rhen T. 1998. Developmental effects on
intersexual and intrasexual variation in growth and reproduction in a lizard with temperature – dependent sex determination. Comparative Biochemistry and Physiology Part C
119: 229–241.
Cuadrado M. 1998. The influence of female size on the extent
and intensity of mate guarding by males in Chamaeleo
chamaeleon. Journal of Zoology, London 246: 351–358.
Darwin C. 1871. The Descent of Man, and Selection in Relation to Sex. London: Murray.
Dial BE. 1978. Aspects of the behavioral ecology of two
Chihuahuan desert geckos (Reptilia, Lacertilia, Gekkonidae).
Journal of Herpetology 12: 209–216.
Dial BE, Fitzpatrick LC. 1981. The energetic costs of
tail autotomy to reproduction in the lizard Coleonyx
brevis (Sauria: Gekkonidae). Oecologia 51: 310–317.
Dial BE, Grismer LL. 1992. A phylogenetic analysis of physiological-ecological character evolution in the lizard genus
Coleonyx and its implications for historical biogeographic
reconstruction. Systematic Biology 41: 178–195.
Dixon JR. 1970. Coleonyx brevis. Catalogue of American
Amphibians and Reptiles 88: 1–2.
Duvall D. 1979. Western fence lizard (Sceloporus occidentalis)
chemical signals. I. Conspecific discriminations and release
of a species-typical visual display. Journal of Experimental
Zoology 210: 321–326.
Easterla DA, Reynolds RO. 1975. Additional records and
ecological notes on the reticulated gecko, Coleonyx reticulatus (Davis and Dixon), from the southern Trans-Pecos of
southwestern Texas. Journal of Herpetology 9: 233–236.
Emerson SB. 2000. Vertebrate secondary sexual characteristics – physiological mechanisms and evolutionary patterns.
American Naturalist 156: 84–91.

Fairbairn DJ. 1990. Factors influencing sexual size dimorphism in temperate waterstriders. American Naturalist
136: 61–86.
Fairbairn DJ. 1997. Allometry for sexual size dimorphism:
pattern and process in the coevolution of body size in males
and females. Annual Review of Ecology and Systematics
28: 659–687.
Felsenstein J. 1985. Phylogenies and the comparative
method. American Naturalist 125: 1–15.
Ferguson GW, Talent LG. 1993. Life-history traits of the
lizard Sceloporus undulatus from two populations raised in
a common laboratory environment. Oecologia 93: 88–94.
Garland T, Harvey PH, Ives AR. 1992. Procedures for the
analysis of comparative data using phylogenetically independent contrasts. Systematic Biology 41: 18–32.
Greenberg B. 1943. Social behavior of the western banded
gecko, Coleonyx variegatus Baird. Physiological Zoology 16:
110–122.
Greenwood PJ, Adams J. 1987. Sexual selection, size dimorphism and a fallacy. Oikos 48: 106–108.
Grismer LL. 1983. A reevaluation of the North American
gekkonid genus Anarbylus Murphy and its cladistic relationships to Coleonyx Gray. Herpetologica 39: 394–399.
Grismer LL. 1988. Phylogeny, taxonomy, classification, and
biogeography of eublepharid geckos. In: Estes R, Pregill G,
eds. Phylogenetic Relationships of the Lizard Families. Stanford: Stanford University Press, 369–469.
Grismer LL. 1991. The cladistic relationships of the lizard
Eublepharis turcmenicus (Squamata: Eublepharidae).
Journal of Herpetology 25: 251–253.
Grismer LL, Viets BE, Boyle LJ. 1999. Two new continental species of Goniurosaurus (Squamata: Eublepharidae)
with a phylogeny and evolutionary classification of the
genus. Journal of Herpetology 33: 382–393.
Hedrick AV, Temeles EJ. 1989. The evolution of sexual
dimorphism in animals: hypotheses and tests. Trends in
Ecology and Evolution 4: 136–138.
Hews DK. 1990. Examining hypotheses generated by field
measures of sexual selection on male lizards, Uta palmeri.
Evolution 44: 1956–1966.
Inger RF, Greenberg B. 1966. Annual reproductive patterns
of lizards from Bornean rain forest. Ecology 47: 1007–1021.
Kluge AG. 1975. Phylogenetic relationships and evolutionary
trends in the eublepharine lizard genus Coleonyx. Copeia
1975: 24–35.
Kluge AG. 1987. Cladistic Relationships in the Gekkonoidea
(Squamata, Sauria). Miscellaneous Publications Museum of
Zoology University of Michigan 173: 1–54.
Kozlowski J. 1989. Sexual size dimorphism: a life history
perspective. Oikos 54: 253–255.
Loveridge A. 1947. Revision of the African lizards of the
family Gekkonidae. Bulletin of the Museum of Comparative
Zoology at Harvard College 98: 1–469.
Lovich JE, Gibbons JW. 1992. A review of techniques for
quantifying sexual size dimorphism. Growth, Development
and Aging 56: 269–281.
Maddison WP. 1990. A method for testing the correlated
evolution of two binary characters: are gains or losses

© 2002 The Linnean Society of London, Biological Journal of the Linnean Society, 2002, 76, 303–314

SEXUAL DIMORPHISM IN EUBLEPHARIDAE
concentrated on certain branches of a phylogenetic tree? Evolution 44: 539–557.
Madsen T, Shine R. 1993. Phenotypic plasticity in body sizes
and sexual size dimorphism in European grass snakes.
Evolution 47: 321–325.
Martins EP. 1994. Phylogenetic perspectives on the evolution
of lizard territoriality. In: Vitt LJ, Pianka ER, eds. Lizards
Ecology: Historical and Experimental Perspectives. Princeton: Princeton University Press, 117–144.
Martins EP. 2001. COMPARE Version 4.4. Computer programs for the statistical analysis of comparative data.
http://compare.bio.indiana.edu.
Mason RT, Gutzke WHN. 1990. Sex recognition in
the leopard gecko, Eublepharis macularius (Sauria:
Gekkonidae): possible mediation by skin-derived semiochemicals. Journal of Chemical Ecology 16: 27–36.
McLennan DA. 1991. Integrating phylogeny and experimental ethology: from pattern to process. Evolution 45: 1773–
1789.
Mouton PLF, Van Wyk JH. 1993. Sexual dimorphism in
cordylid lizards: a case study of the Dragensberg crag lizard,
Pseudocordylus melanotus. Canadian Journal of Zoology
71: 1715–1723.
Niewiarowski PH, Roosenburg W. 1993. Reciprocal transplant reveal sources of variation in growth rates of the lizard
Sceloporus undulatus. Ecology 74: 1992–2002.
Olsson M. 1992. Contest success in relation to size and
residency in male sand lizards, Lacerta agilis. Animal
Behaviour 44: 386–388.
Ota H, Honda M, Kobayashi M, Sengoku S, Hikida T.
1999. Phylogenetic relationships of eublepharid geckos (Reptilia: Squamata): a molecular approach. Zoological Science
16: 659–666.
Parker WS. 1972. Aspects of the ecology of a Sonoran desert
population of the western banded gecko, Coleonyx variegatus (Sauria, Eublepharinae). American Midland Naturalist
88: 209–224.
Parker WS, Pianka ER. 1974. Further ecological observations on the western banded gecko, Coleonyx variegatus.
Copeia 1974: 528–531.
Powell GL, Russell AP. 1985. Growth and sexual size dimorphism in Alberta populations of the eastern short-horned
lizard, Phrynosoma douglassi brevirostre. Canadian Journal
of Zoology 63: 139–154.
Ranta E, Laurila A, Elmberg J. 1994. Reinventing the
wheel: analysis of sexual dimorphism in body size. Oikos
70: 313–321.
Reeve JP, Fairbairn DJ. 2001. Predicting the evolution of
sexual size dimorphism. Journal of Evolutionary Biology
14: 244–254.
Schoener TW, Schoener A. 1978. Estimating and interpreting body-size growth in some Anolis lizards. Copeia 1978:
390–405.
Schuett GW. 1997. Body size and agonistic experience affect
dominance and mating success in male copperheads. Animal
Behaviour 54: 213–224.
Seifert W, Murphy RW. 1972. Additional specimens of
Coleonyx reticulatus (Davis and Dixon) from the Black Gap

313

Wildlife Management Area, Texas. Herpetologica 28: 24–
26.
Seifert W, Rainwater F, Kasper T. 1973. Significant range
extensions with field and lab notes for the reticulated gecko,
Coleonyx reticulatus Davis and Dixon. Southwestern Naturalist 18: 101–103.
Shine R. 1978. Sexual size dimorphism and male combat in
snakes. Oecologia 33: 269–277.
Shine R. 1988. The evolution of large body size in females: a
critique of Darwin’s ‘fecundity advantage’ model. American
Naturalist 131: 124–131.
Shine R. 1989. Ecological causes for the evolution of sexual
dimorphism: a review of the evidence. Quarterly Review of
Biology 64: 419–461.
Shine R. 1994. Sexual size dimorphism in snakes revisited.
Copeia 1994: 326–346.
Shine R, Fitzgerald M. 1995. Variation in mating systems
and sexual size dimorphism between populations of the
Australian python Morelia spilota. Oecologia 103: 490–498.
Shine R, Greer AE. 1991. Why are clutch sizes more variable
in some species than in others? Evolution 45: 1696–1706.
Sinervo B. 2000. Adaptation, natural selection, and optimal
life-history allocation in the face of genetically based tradeoffs. In: Mousseau TA, Sinervo B, Endler JA, eds. Adaptive
Genetic Variation in the Wild. Oxford: Oxford University
Press, 41–64.
Sinervo B, Adolph SC. 1994. Growth plasticity and thermal
opportunity in Sceloporus lizards. Ecology 75: 776–790.
Slatkin M. 1984. Ecological causes of sexual dimorphism.
Evolution 38: 622–630.
Smith HM. 1946. Handbook of Lizards: Lizards of the United
States and of Canada. Ithaca, London: Cornell University
Press.
Smith RJ. 1999. Statistics of sexual size dimorphism. Journal
of Human Evolution 36: 423–459.
St. Clair RC. 1998. Patterns of growth and sexual size dimorphism in two species of box turtles with environmetal sex
determination. Oecologia 115: 501–507.
Stamps JA. 1993. Sexual size dimorphism in species with
asymptotic growth after maturity. Biological Journal of the
Linnean Society 50: 123–145.
Stamps JA, Andrews RM. 1992. Estimating asymptotic size
using the largest individuals per sample. Oecologia 92: 503–
512.
Stamps JA, Krishnan VV. 1997. Sexual bimaturation and
sexual size dimorphism in animals with asymptotic growth
after maturity. Evolutionary Ecology 11: 21–39.
Stearns SC. 1992. The Evolution of Life Histories. New York:
Oxford University Press.
Swofford DL. 1998. PAUP* Phylogenetic Analysis Using Parsimony and Other Methods. Sunderland: Sinauer Associates.
Tanaka S, Nishihira M. 1987. A field study of seasonal, daily,
and diel activity patterns of Eublepharis kuroiwae kuroiwae.
Herpetologica 43: 482–489.
Tanaka S, Nishihira M. 1989. Growth and reproduction
of the gekkonid lizard Eublepharis kuroiwae kuroiwae. In:
Matsui M, Hikida T, Goris RC, eds. Current herpetology
in East Asia. Proceedings of the Second Japan – China

© 2002 The Linnean Society of London, Biological Journal of the Linnean Society, 2002, 76, 303–314

314

L. KRATOCHVÍL and D. FRYNTA

Herpetological Symposium, Kyoto, July 1988. Kyoto: The
Herpetological Society of Japan, 349–357.
Thorogood J, Whimster IW. 1979. The maintenance and
breeding of the leopard gecko Eublepharis macularius as a
laboratory animal. International Zoo Yearbook 19: 74–78.
Vial JL, Stewart JR. 1989. The manifestation and significance of sexual dimorphism in anguid lizards: a case study
of Barisia monticola. Canadian Journal of Zoology 67: 68–
72.
Viets BE, Ewert MA, Talent LG, Nelson CE. 1994. Sexdetermining mechanisms in squamate reptiles. Journal of
Experimental Zoology 270: 45–56.
Viets BE, Tousignant A, Ewert MC, Nelson CE, Crews D.
1993. Temperature-dependent sex determination in the
leopard gecko, Eublepharis macularius. Journal of Experimental Zoology 265: 679–683.
Vitt LJ, Cooper WE Jr. 1985. The evolution of sexual

dimorphism in the skink Eumeces laticeps: an example of
sexual selection. Canadian Journal of Zoology 63: 995–1002.
Werner YL. 1972. Observations on eggs of eublepharid
lizards, with comments on the evolution of the Gekkonoidea.
Zoologische Mededelingen 47: 211–225.
Wiens JJ. 1998. Combining data sets with different phylogenetic histories. Systematic Biology 47: 568–581.
Wiens JJ. 2001. Widespread loss of sexually selected traits:
how the peacock lost its spots. Trends in Ecology and
Evolution 16: 517–523.
Zamudio KR. 1998. The evolution of female-biased sexual size
dimorphism: a population-level comparative study in horned
lizards (Phrynosoma). Evolution 52: 1821–1833.
Zucker N, Murray L. 1996. Determinants of dominance in
the tree lizard Urosaurus ornatus: the relative importance of
mass, previous experience and coloration. Ethology 102: 812–
825.

© 2002 The Linnean Society of London, Biological Journal of the Linnean Society, 2002, 76, 303–314

