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Abstract Digit length ratio (primarily 2D:4D) has

become increasingly popular as a possible biomarker of

intrauterine steroid exposure in the human medical, social

and psychological literature. Human males tend to have

lower digit ratios than females, and individuals with low

ratios tend to excel in physical performance, especially in

endurance-related sports. Because early limb development

is evolutionarily conservative, it has been speculated that

these trends should also be visible in other tetrapod ver-

tebrates. However, studies on non-human vertebrates are

scant, and their results suggest that sexual dimorphism in

digit ratios and the associations with physical performance

are much more intricate and taxon-specific than presumed.

In this study, we compared digit ratios of two Podarcis

lizards among sexes, colour morphs and species. We also

tested for associations with three performance character-

istics that are of ecological relevance. Both species

examined exhibit male-larger sexual dimorphism in digit

ratio. 2D:4D, 3D:4D and 2D:3D ratios are tightly corre-

lated within the manus and the pes, but less so between

manus and pes. In the colour polymorphic species

P. melisellensis, the yellow morph exhibits higher dimor-

phism than the orange and white morphs. Digit ratios did

not correlate with individual performance for sprint speed

or endurance, but within males of P. melisellensis, indi-

viduals with higher digit ratios correlated positively with

head size and bite force. We conclude that digit ratios in

lizards deserve attention, because they exhibit sexual

dimorphism and correlate with ecologically relevant mor-

phological and performance variables. As lizard species

differ widely in mating systems, reproductive mode,

habitat use and locomotor behaviour, they seem excellent

model animals for studying patterns in digit length ratios.

Keywords Podarcis � Whole-animal performance �
Developmental instability � Colour polymorphism

Introduction

A large body of research indicates that in vertebrates,

prenatal exposure to sex hormones affects adult morphol-

ogy, physiology and behaviour (e.g. Collaer and Hines

1995; Gil 2008; Uller 2008). Studies of digit ratios have

played an important role in the development of this idea.

Although the sexual dimorphism in the ratio of the length

of the second to the fourth finger (2D:4D) in humans had

been noted long before that (e.g. Ecker 1875; Baker 1888),

investigations into the subject really took off in 1998, when

Manning and co-workers suggested that the differentiations

of digits and gonads were both affected by intrauterine

androgen levels (Manning et al. 1998). This fuelled the

idea that digit ratios could be used as a convenient proxy

for prenatal exposure to androgens. In subsequent years,

digit ratios (and hence putatively prenatal hormone con-

centrations) have been shown to correlate with a wide

variety of physiological, psychological, cognitive and

developmental variables in humans (reviewed in Manning
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2002, 2008; McIntyre 2006; Voracek and Loibl 2009; but

see Putz et al. 2004).

In recent years, a growing number of studies have

explored digit ratios and their correlates in non-human

vertebrates, mainly mammals and birds. While female-

larger sexual dimorphism in 2D:4D ratio seems to be the

rule in mammals (e.g. Brown et al. 2002; McFadden and

Bracht 2002; Nelson and Shultz 2010; but see Roney et al.

2004), the trait is less conserved in birds (e.g. Burley and

Foster 2002; Navarro et al. 2007; Lombardo et al. 2008).

Information available for other taxa is scant. In lizards, the

magnitude and the direction of the dimorphism vary among

species (Rubolini et al. 2006; Direnzo and Stynoski 2012;

Gomes and Kohlsdorf 2012), populations (Chang et al.

2006 versus Lombardo et al. 2008) and even between limb

pairs (Direnzo and Stynoski 2012), suggesting that studies

of this group could provide valuable information on the

evolutionary significance of the phenomenon. Lizard spe-

cies vary dramatically in mating systems, sexual size

dimorphism and androgen levels (Cox et al. 2003; Eikenaar

et al. 2012), reproductive mode and physiology (Murphy

and Thompson 2011) as well as in habitat use, limb mor-

phology and locomotor behaviour (Garland and Losos

1994). Therefore, the group offers excellent opportunities

to study the significance of digit ratios. However, at the

moment, taxonomic coverage is insufficient. Here, we

investigate digit ratios and their associations with physio-

logical characteristics in two closely related species of

lacertid lizards: Podarcis siculus Rafinesque 1810 and

P. melisellensis Braun 1877.

Podarcis siculus and P. melisellensis resemble one

another in many aspects of their morphology, behaviour

and ecology. Both are medium-sized diurnal heliothermic

lizards that actively search for prey (mostly arthropods).

The two species occupy similar semi-open habitats (often

stone walls or rocks surrounded by grassy vegetation and

maquis) in the Mediterranean. This ecological similitude

has been held responsible for the fact that on the smaller

islands, almost invariably only one of both species is found

(competitive exclusion hypothesis, Nevo et al. 1972).

Geographical and experimental evidence suggests that the

more ‘timid’ endemic P. melisellensis is expelled from

islands on which the more ‘assertive’ P. siculus gets a

foothold (Radovanovic 1959; Vervust et al. 2007). The

difference in temperament has been confirmed by a beha-

vioural study in which juveniles of the two species were

confronted in an experimental arena (Downes and Bauwens

2002). Both species show male-larger sexual size dimor-

phism, but the difference in snout-vent length between

males and females is more pronounced in P. melisellensis.

A first aim of this study is to compare digit ratios of these

lizards between the sexes, among populations and between

species. We speculate that digit ratios will differ between

males and females, but the sign of the difference is hard to

predict. In about half of the (restricted) number of species

of lizards examined in previous studies, males had larger

2D:4D ratios than females; in the second half, the reverse

was the case (Lombardo et al. 2008; Direnzo and Stynoski

2012; Gomes and Kohlsdorf 2012). If the difference in

‘temperament’ between the study species is mediated by

testosterone, we expect the ‘bolder’ P. siculus to have a

lower digit ratio than more ‘shy’ P. melisellensis. We have

no precise hypotheses on the nature of the among-popu-

lation variation in digit ratios, this topic has not been

explored before. However, assessing the hierarchical level

at which ratios vary may be important for future compar-

ative studies.

One of our two study species, P. melisellensis, exhibits a

striking but little understood colour polymorphism: the

vents of both males and females can be white, yellow or

orange (Huyghe et al. 2007). Orange males have relatively

larger heads and therefore bite harder than both yellow and

white males (Huyghe et al. 2007). In Australian painted

dragons (Ctenophorus pictus), adult colour morphs have

been shown to exhibit differences in digit ratios, suggesting

that prenatal androgen exposure may be modulating the

polymorphism (Tobler et al. 2011). Levels of early sex

hormone exposure are also believed to mediate morph-

specific adult behaviour in American tree lizards (Uro-

saurus ornata) (Hews et al. 1994; Moore et al. 1998). A

second aim of this study is to compare digit ratios among

colour morphs of P. melisellensis. We predict that orange

males will exhibit lower digit ratios than yellow and white

males.

An extensive body of the literature testifies that in

humans, 2D:4D digit ratio is a strong predictor of athletic

prowess (reviewed in Hönekopp and Schuster 2010). In

populations varying from female fencers (Voracek et al.

2010) to male sumo wrestlers (Tamiya et al. 2011), indi-

viduals with lower digit ratios tend to be more successful.

The information on non-human vertebrates is much scarcer

and less consistent. In laboratory rats (Rattus norvegicus),

individuals with higher 2D:4D ratios tend to be more active

in open field tests (Talarovicova et al. 2009), but Yan et al.

(2009) found no differences in activity among laboratory

mice (Mus musculus) strains with different digit ratios. In

captive-reared zebra finches (Taeniopygia guttata), digit

ratios correlate negatively with female activity but posi-

tively with male song rate (Forstmeier 2005). In contrast,

Dreiss et al. (2007) found no relationship between digit

ratio and song rate in male barn swallows (Hirundo rus-

tica). In the one study that examined digit ratio in relation

to physiological performance in a reptile, Tobler et al.

(2012) found no effect of digit ratio on the endurance of

male painted dragons (Ctenophorus pictus). The third aim

of this study is to test for relations between digit ratios and
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physiological performance (bite force, stamina and sprint

speed) in our study species. In line with the human sports

literature, we expect that lizards excelling in performance

to have relatively low digit ratios.

Materials and methods

In August and September 2009, we caught a total of 1025

lizards from several islands in the Adriatic Sea. Podarcis

melisellensis (303 males and 242 females) were sampled

from the island of Lastovo and five satellite islands

(42�160N, 16�540E). Podarcis siculus (267 males and 213

females) were obtained from four islands in the Kornati

Archipelago (43�480N, 15�160E). Individuals were caught

by hand or noose and transported in cloth bags to a nearby

field station, where measurements were taken within 48 h

following capture. Only adult individuals were considered.

Morphological measurements

In the field station, we measured the snout-vent length,

head length, head width and head height of each lizard to

the nearest 0.01 mm using electronic callipers (CD-20PP,

Mitutuyo Corporation, Japan). We also noted its sex (males

exhibit an extended tail base due to the presence of the

hemipenis) and vent colour in P. melisellensis.

Digit ratios were calculated from digital RX images

obtained with a portable X-ray unit (AJEX9020H, Ajex

Meditech, Korea). Exposure parameters were set at 40 kV

and 0.4 mAs. We took separate images of both fore and

hind limbs. Using the ImageJ software (Abramoff et al.

2004), we measured the length of the second, third and

fourth digit, from the mid-point of the proximal end of the

proximal phalanx bone to the mid-point of the distal end of

the distal phalanx bone. The measurements were converted

to mm by comparing them to a scale that was photographed

along with the animals.

Performance measurements

We estimated maximal sprint speed, stamina and bite force

of each individual lizard. In between measurements, lizards

were kept in outside terraria where they could thermoreg-

ulate freely. Just prior to a measurement, we measured the

lizard’s cloacal body temperature using a thermocouple

connected to an electronic thermometer (APPA 51, preci-

sion 0.1 �C). Only lizards that had body temperatures

within their preferred range (34–37 �C; Castilla et al. 1999)
were tested.

Sprint speed is considered an ecologically relevant index

of organismal performance in lizards (e.g. Huey and

Stevenson 1979; Bauwens et al. 1995; Irschick and Le

Galliard 2008). In several species, interindividual variation

in sprint speed has been shown to correlate with survival

(e.g. Warner and Andrews 2002; Miles 2004; Husak 2006),

social dominance (e.g. Garland et al. 1990; Robson and

Miles 2000; Perry et al. 2004; but see López and Martı́n

2002) or reproductive success (Husak et al. 2006a, b). We

measured sprint speed by chasing the lizard as fast as

possible along a horizontal 2-m racetrack, equipped with a

cork substrate, which provides excellent traction. Photo-

cells, positioned at 25-cm intervals along the track, regis-

tered the passing of the lizards to a laptop, which calculated

the sprint speed over each interval. Every individual was

tested three times with at least 1 h between trials. A pre-

vious study has shown that lizards do not fatigue over trials

(Vervust et al. 2008). The fastest velocity attained over any

25 cm was retained as an estimate of an individual’s

maximum sprint capacity. Each trial was also characterized

as ‘good’ or ‘poor’, depending on the continuity of the run

(van Berkum 1988; Van Damme et al. 1997). Speed esti-

mates from ‘poor’ runs were not included in the analysis.

Like sprint speed, stamina has a long tradition as an

indicator of physical performance (e.g. Garland and Losos

1994) and has been shown to be under natural (LeGalliard

et al. 2004) or sexual selection (Sinervo et al. 2000; Brandt

2003) in lizards. We measured stamina by chasing the

lizards along a horizontal torus track (1 m diameter).

Lizards were considered ‘exhausted’ if they no longer

responded to ten gentle taps on the dorsum. The time

between the start and the end of the run was considered as a

measure of stamina. Because this procedure is very

demanding for the lizard and the experimenter, each indi-

vidual was only tested once. Previous measurements

showed that the procedure yields very repeatable results

(Vervust unpublished).

Bite force is an important determinant of the outcome of

male combat in several lizard species (e.g. Lailvaux et al.

2004; Huyghe et al. 2005; Husak et al. 2006a, b). We

measured bite force using an isometric Kistler force

transducer (type 9203, Kistler Inc), mounted on a purpose-

built holder and connected to a Kistler charge amplifier

(type 5058 A, Kistler Inc). Individuals were forced to bite

on two plates, fixed at a distance of 3.65 mm. A full

description of the measuring device can be found in Herrel

et al. (2001). The bite force of every individual was mea-

sured five times, and the highest bite force was considered

as an estimate of the maximal bite capacity.

After completion of the measurements, lizards were

released at the exact site of capture, always within 2 days.

Statistical analyses

Preliminary analyses showed no differences among popu-

lations (within species) in digit ratios, physiological
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measurements or their interaction. For the sake of sim-

plicity, we therefore pooled data per species.

We used general linear model ANOVAs to examine the

effects of sex and species on 2D:4D, 3D:4D and 2D:3D

ratios of the four limbs. Island of origin was added as

random factor to the model. The tests were performed per

limb, averaged over the mani and over the pedes and

averaged over all four autopodia. Associations among the

12 digit ratios were examined using partial correlations

(adjusting for between-species differences). The effect of

digit ratio on physiological performance was examined

using general linear model ANOVAs, taking into account

effects of sex, species and all interactions. All linear

measurements and performance variables were log10-

transformed prior to statistical analysis. Differences in digit

ratios among colour morphs of P. melisellensis were tested

in a separate ANOVA. All analyses were performed in R

version 2.15.2 (http://www.R-project.org).

Results

While digit ratios in P. melisellensis almost invariably

exhibited sexual dimorphism with higher ratios in males

(Table 1), for P. siculus this was only significant in three

out of 12 tests (Table 1). There was a statistically signifi-

cant interaction between sex and species, supporting that at

least for some ratios in some mani or pedes, sexual

dimorphism was more pronounced in P. melisellensis

(Table 1; Fig. 1). On average, sexual dimorphism was

higher for 2D:4D, intermediate for 2D:3D and lowest for

3D:4D (Table 1; Fig. 1).

Partial correlation analyses indicated a close association

among the three digit ratios of the mani and among the

digit ratios of the pedes, but a smaller correlation between

mani and pedes. Hence, individuals with high 2D:4D digit

ratios on the left manus tend to have high 3D:4D and

2D:3D ratios on both mani, but not necessarily exhibit high

ratios on the pedes (Fig. 1). On the basis of this result, we

studied associations between ratios and sprint speed, sta-

mina and bite force for average ratios combined over both

sides in mani and pedes.

Associations between digit ratio and both sprint speeds

and stamina were overall weak and showed no differ-

ences between males and females or species (Table 2).

For bite force, however, patterns were stronger and

showed differences between species. Individuals with

high digit ratios in both mani and pedes bit harder than

individuals with lower ratios, but the relationship was

only significant for P. melisellensis (Table 2; Fig. 2). In

P. melisellensis, but not in P. siculus, individuals with

high digit ratios had longer snout-vent lengths and larger

heads (Fig. 3). Apparently, the association between digit

ratio and head size sufficed to explain the variation in

bite force as the associations between digit ratios and bite

force reported above, remained no longer statistically

significant if head size or SVL was added to the linear

model (details not shown).

In P. melisellensis, sexual dimorphism in digit ratio

differed significantly among the three colour morphs for

Table 1 Significance tests and

estimates of sexual dimorphism

(SDI = sexual dimorphism

index) in digit ratios in Podarcis

melisellensis and P. siculus

Right/front Left/front Right/hind Left/hind

2D:4D

Sex F1,906 = 12.3*** F1,904 = 19.2*** F1,847 = 69.2*** F1,836 = 56.3***

Species F1,906 = 14.3*** F1,904 = 48.2*** F1,847 = 367.0*** F1,836 = 299***

Sex*Species F1,906 = 4.84* F1,904 = 12.1*** F1,847 = 14.8*** F1,836 = 11.9***

P. meli P. sic P. meli P. sic P. meli P. sic P. meli P. sic

SDI (%) 0.99*** 0.20 1.27*** 0.11 1.37*** 0.47* 1.42*** 0.54*

2D:3D

Sex F1,901 = 6.8** F1,919 = 28.5*** F1,908 = 20.8*** F1,910 = 11.6***

Species F1,901 = 41.0*** F1,919 = 84.9*** F1,908 = 33.3*** F1,910 = 35.8***

Sex*species F1,901 = 2.38 F1,919 = 11.9*** F1,908 = 11.1*** F1,910 = 1.47

P. meli P. sic P. meli P. sic P. meli P. sic P. meli P. sic

SDI (%) 0.60* 0.15 1.31*** 0.26 1.02*** 0.14 0.63*** 0.54*

3D:4D

Sex F1,895 = 3.92* F1,905 = 0.01 F1,851 = 17.7*** F1,826 = 28.9***

Species F1,895 = 7.28** F1,905 = 6.89** F1,851 = 190*** F1,826 = 135***

Sex*species F1,895 = 0.64 F1,905 = 0.23 F1,851 = 1.60 F1,826 = 10.6**

P. meli P. sic P. meli P. sic P. meli P. sic P. meli P. sic

SDI (%) 0.33 0.13 0.05 -0.07 0.47*** 0.24 0.92*** 0.23
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pes (F2,385 = 5.91, p = 0.003) but not for mani

(F2,431 = 0.01, p = 0.99). The degree of sexual dimor-

phism in average digit ratio in pes was higher in the yellow

morph than in the white and orange morphs (yellow:

1.77 %; orange: 0.45 %; white: 1.06 %). This effect seems

to originate from the fact that yellow males have relatively

high digit ratio, but also because females have low ratios

compared to other morphs (Fig. 4).

Discussion

Interspecific variation in digit ratio

In both Podarcis species we studied, males exhibit larger

2D:4D digit ratios than females. Our data thus support a

pattern seen in humans and several other tetrapods: relative

developmental rates of the second and fourth digit vary

between the sexes. However, in contrast to what has been

documented in humans and most mammals, male

P. melisellensis and P. sicula tend to have larger 2D:4D

ratios than females. Such a ‘reversed’ sexual dimorphism

in digit ratio has been noted in another Podarcis species (P.

muralis, Rubolini et al. 2006). Moreover, in 16 of the 32

lizard species examined up to now, males have larger,

rather than smaller, 2D:4D digit ratios (Rubolini et al.

2006; Lombardo et al. 2008; Direnzo and Stynoski 2012;

Gomes and Kohlsdorf 2012). This, combined with evi-

dence from birds (e.g. Burley and Foster 2002; Navarro

et al. 2007; Saino et al. 2007; Dreiss et al. 2008; Leoni

et al. 2008) clearly refutes Manning’s (2002) early

hypothesis that all tetrapods would exhibit female-biased

2D:4D ratios.

Why tetrapod species vary so much in the size and

direction of the dimorphism in 2D:4D ratio remains highly

unclear. On a proximate level, species may vary in the

effect that steroids have on the secretion of growth hor-

mone, or in the way that such steroids are deposited in eggs

that will give rise to male and female offspring (Rubolini

et al. 2006; Lombardo et al. 2008). These ideas could be
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tested by manipulating prenatal steroid hormone concen-

trations at different stages of development in a number of

species (e.g. Romano et al. 2005; Talarovicova et al. 2009;

Tobler et al. 2011). It has also been suggested that sexual

dimorphism in digit ratio may echo (or rather anticipate)

adult body size dimorphism across species (Direnzo and

Table 2 Results of general

linear model ANOVAs, taking

into account effects of digit ratio

(DR), sex, species and all

interactions

Mani Pedes

Bite force

DR F1,701 = 303; p\ 0.001 F1,787 = 164; p\ 0.001

Species F1,701 = 33.8; p\ 0.001 F1,787 = 92.5; p\ 0.001

Sex F1,701 = 1067; p\ 0.001 F1,787 = 1395; p\ 0.001

DR 9 sex F1,700 = 0.11; p = 0.74 F1,786 = 2.51; p = 0.11

DR 9 species F1,701 = 8.20; p= 0.004 F1,787 = 10.8; p = 0.001

Sex 9 species F1,699 = 0.00; p = 0.97 F1,785 = 1.13; p = 0.29

Sex 9 species 9 DR F1,698 = 3.2; p = 0.07 F1,784 = 1.39; p = 0.24

Speed

DR F1,767 = 0.10; p = 0.76 F1,685 = 3.62; p = 0.06

Species F1,767 = 66.7; p\ 0.001 F1,685 = 6.71; p = 0.01

Sex F1,767 = 4.59; p = 0.03 F1,684 = 0.36; p = 0.55

DR 9 sex F1,764 = 0.60; p = 0.44 F1,682 = 0.61; p = 0.43

DR 9 species F1,765 = 0.71; p = 0.40 F1,685 = 6.11; p = 0.01

Sex 9 species F1,766 = 3.38; p = 0.07 F1,683 = 1.24; p = 0.27

Sex 9 species 9 DR F1,763 = 1.43; p = 0.23 F1,681 = 0.11; p = 0.74

Exertion

DR F1,564 = 4.59; p = 0.03 F1,488 = 5.86; p = 0.02

Species F1,564 = 60.4; p\ 0.001 F1,488 = 31.4; p\ 0.001

Sex F1,564 = 3.53; p = 0.07 F1,488 = 6.02; p = 0.02

DR 9 sex F1,561 = 0.00; p = 0.99 F1,487 = 2.86; p = 0.09

DR 9 species F1,562 = 1.16; p = 0.28 F1,485 = 0.00; p = 0.99

Sex 9 species F1,563 = 0.95; p = 0.33 F1,486 = 0.21; p = 0.64

Sex 9 species 9 DR F1,560 = 0.16; p = 0.69 F1,484 = 0.65; p = 0.42

Significant results are shown in bold
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Stynoski 2012). Our results lend some support to this

hypothesis: of the two species studied, the one that exhibits

the larger intersexual difference in adult SVL (P. melisel-

lensis) also shows the higher 2D:4D dimorphism. But of

course, a thorough test of this hypothesis will require a

phylogenetically informed analysis of digit ratios, using

data on many more species. As they vary greatly in the

extent and direction of their adult size dimorphism

(Abouheif and Fairbairn 1997; Cox et al. 2003), lizards

may constitute an excellent group to perform such a test.

Direnzo and Stynoski (2012) have suggested a possible role

of the chromosomal sex determination system: digit ratios

may be smaller in the heterogametic sex (males in mam-
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mals, females in birds). In both species studied here, and in

most Podarcis, females are the heterogametic sex, so our

results also corroborate this idea. Again, given the

extraordinary variability in sex determination systems

within this group (Viets et al. 1994; Olmo and Signorino

2005), lizards seem an interesting group to further explore

this suggestion. Yet another line of thought is that selection

acting directly on the 2D:4D digit ratio may cause devia-

tions from the ancestral developmental programme in some

species more than in others. In a recent comparative study

on Iguania, Gomes and Kohlsdorf (2012) found that

females of arboreal species tend to have small digit ratios

in the fore limbs, which translated in a greater ratio

dimorphism in this group. Apparently, ecological selection

pressures may override the developmental programme in

some squamate groups. It seems unlikely, however, that

ecological divergence is responsible for the differences in

digit ratio observed in our study species, because Podarcis

siculus and P. melisellensis resemble each other in almost

every aspect of their ecology, including microhabitat use

(Radovanovic 1959; Nevo et al. 1972; Arnold 1987).

Phylogenetic studies comparing large sets of species dif-

fering in sex determination, developmental mode and

ecology will be required to test these hypotheses.

In the prospect of such comparative studies, standard

procedures for measuring and analysing digit ratios seem

highly desirable. Currently, the kinds of digit ratios

reported differ among studies and little is known on whe-

ther such information is exchangeable, or whether a par-

ticular type of ratio outperforms others. Most studies on

humans have focused on 2D:4D-ratios, although other digit

ratios (3D:4D and 2D:3D) have proved superior in a

number of cases (McFadden et al. 2005; Burton et al. 2005;

McIntyre et al. 2006; but see Voracek 2009). Our analyses

show a close relationship between alternative digit ratios,

at least within one pair of limbs (forelimbs or hind limbs).

We therefore advocate the continued use of 2D:4D ratios in

future studies. Although other digit ratios may largely

reflect similar prenatal conditions, the consistent use of one

digit ratio will greatly facilitate future meta-analyses. In

sharp contrast with the wealth of information available on

digit ratios of the human hand, almost nothing is known on

human toe ratios (Harrison 2010), partly because of the

difficulty of adequately measuring toe length (McFadden

and Shubel 2002). Although we are unaware of explicit

tests in this respect, the squamate digit ratio literature

suggests that the effects of prenatal steroid exposure on

digit ratios may differ between the manus and the pes.

Compared to females, male Anolis humilis have smaller

2D:4D in the forelimbs but larger 2D:4D in the hindlimbs

(Direnzo and Stynoski 2012). Similarly, Chang et al.

(2006) report male smaller 2D:4D ratios in the forelimb,

but female smaller 2D:4D ratios in the hindlimbs of Anolis

carolinensis. Although not as extreme as in the Anolis

species studied, our correlation analyses show that

between-limb pair associations are weaker than within-pair

associations of alternative digit ratios. In other words,

lizards with high finger digit ratios not necessarily also

have high toe digit ratios. This suggests that the develop-

mental programmes of fingers and toes are less develop-

mentally integrated. Such a decoupling could arise from

heterochrony; if anterior and posterior digits develop at

different times, they may experience different hormonal

milieus. The relative timing of forelimb versus hindlimb

development has been shown to vary considerably among

the major vertebrate clades, but there is little evidence for

such variation at lower taxonomic levels (e.g. within

squamates, Bininda-Emonds et al. 2007). It would be

interesting to compare the relative timing of anterior versus

posterior limb pairs between lizards with contrasting digit

ratio patterns. Alternatively, androgen and oestrogen

receptor density, receptivity or activity may differ between

developing limb pairs.

Digit ratios and colour morphs

Studies on other lizard species have shown that differences

in early organizational or activational effects of sex steroid

hormones may result in alternative behavioural morphs

within sexes. In tree lizards (Urosaurus ornatus), testos-

terone implants given to juveniles 1–30 days posthatching

increase the frequency of ‘orange-blue’ males, an aggres-

sive and territorial morph characterized by a blue patch in

the centre of its orange dewlap (Hews et al. 1994). The

time window for this effect is narrow: no effects are evi-

dent in juveniles implanted at 60 days posthatching (Hews

and Moore 1996). In side-blotched lizards (Uta stansburi-

ana), maternal oestradiol levels are implicated in the pro-

duction of alternative dorsal patterns that relate to

reproductive strategies (Lancaster et al. 2007). A third

study, on painted dragons (Ctenophorus pictus), found no

significant effect of intrauterine steroid regime on offspring

colour morph frequency, but the authors recognize that this

result could be due to the relatively small sample size

(Tobler et al. 2011). One of our study species, P. melisel-

lensis, also expresses three adult colour morphs. Although

the ecological and evolutionary significance of this colour

polymorphism remains unclear, several observations sug-

gest that male morphs may differ in reproductive strategies:

males with orange throats and vents have larger heads and

bite harder than yellow or white males (Huyghe et al. 2007,

2009), which would likely give them an edge in territorial

disputes. Interestingly, adult plasma testosterone levels do

not differ among male morphs (Huyghe et al. 2009). The

colour morph 9 sex interaction effect on 2D:4D ratios in

our results suggests that the prenatal steroid environment
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may differentially influence morphs in P. melisellensis, but

the effect is subtle and less straightforward than in U.

ornatus. First, the significance of the effect is primarily due

to lightly deviant digit ratios in the yellow morph, while

(based upon differences in performance and morphology)

we expected to see differences between orange males, and

between white and yellow males. Second, neither male nor

female colour morphs differ much in digit ratios—it is the

combination of low ratios in females and high ratios in

males that causes the significant interaction effect. Addi-

tional studies, e.g. using experimentally administered

steroids, are required to explain these puzzling results.

Digit ratio and physiological performance

In humans, performance in a wide range of sports is neg-

atively correlated with 2D:4D digit ratios (reviewed in

Hönekopp and Schuster 2010). Because the predictive

power of the digit ratio is higher in fields like distance

running (Manning et al. 2003, 2007) and soccer (Manning

et al. 2003) than in sprinting (Manning and Hill 2009) and

gymnastics (Hönekopp et al. 2006), it has been suggested

that it is a marker of traits underlying endurance, rather

than strength or speed (Manning and Hill 2009; Hönekopp

and Schuster 2010). However, exactly which components

of physical fitness are responsible for the relationship

between digit ratios and athletic prowess remains largely

unknown (Hönekopp and Schuster 2010). Interestingly,

recent evidence suggests that increased prenatal levels of

testosterone may even contribute to athletic performance

through its effect on mental toughness, optimism and goal

orientation (Golby and Meggs 2011).

As far as we know, only two previous studies have

examined the association between digit ratios and loco-

motor performance in animals. Yan et al. (2008) showed

that laboratory mice selected for high wheel running

activity also evolved higher 2D:4D ratios. However, Tobler

et al. (2012) failed to find any significant correlation

between locomotor endurance and digit ratio in painted

dragons. Our results are in line with the latter study: neither

of the two locomotor performance indices we measured

showed significant association with digit ratio. Interest-

ingly, we did find that lizards with high digit ratios had

superior bite forces—although the correlation was statisti-

cally significant for male P. melisellensis only. Our anal-

yses indicate that the link between bite force and digit ratio

may be simply mediated by head size, thus providing a rare

insight into the mechanism of prenatal steroid program-

ming. The observed effect on head size and bite force

cannot be considered trivial, because these traits have

repeatedly been shown to correlate with behavioural

dominance in lizards (e.g. Lailvaux et al. 2004; Husak et al.

2006a, b), including lacertids (Huyghe et al. 2005). If

confirmed, our results would thus provide another example

of how the adult life of an organism can be influenced by

the ephemeral conditions of the intrauterine environment.

In conclusion, our study confirms that sexual dimor-

phism in digit ratios is taxonomically widely distributed.

Digit ratios correlate with morphological and performance

traits that are ecologically relevant. At the same time, our

results seem at odds with several observations on human

populations: in the lizard species we studied, males have

higher 2D:4D ratios than females (humans: lower), males

with higher digit ratios have increased performance ability

(humans: lower), and digit ratios correlate more with

physical strength than with endurance (opposite in

humans). We believe that a comparative analysis of the

causes and correlates of variation in this biomarker con-

stitutes a fruitful avenue for further studies into the

importance of the prenatal environment on the develop-

ment of organisms. Because their ecology, behaviour,

reproductive biology and development are so diverse, we

think that lizards (Lacertilia) provide an excellent group to

study these issues.
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