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Lizards display structural and pigment-based colorations, and their visual system is sensitive to wavelengths of
300-700 nm. However, few studies in squamate reptiles have quantified interindividual colour variation that
includes the structural ultraviolet (UV) component (300-400 nm). In the present study, we investigated variability
of a ventral UV/yellow—red ornamentation in the common lizard Zootoca vivipara, including an analysis of spatial
distribution, as well as sex and age differences. We also investigated whether the expression of coloration is related
to body size and condition. Our analyses revealed two distinct patches: a gular patch with a strong UV reflectance
and a belly patch with a dominant yellow—red reflectance. Males displayed a less saturated throat coloration with
higher UV chroma and UV hue, and had a redder but duller belly coloration than females. Yearlings had less
elaborate ornaments than adults, although they already displayed a yellow-red sexual dichromatism on the belly.
UV sexual dichromatism was only apparent in adults as a result of a weaker UV reflectance in females, suggesting
potential fitness costs of a bright UV coloration in that sex. Different colour traits were related to body size in both
sexes, as well as to body condition in males. We discuss the potential evolutionary scenarios leading to the
maintenance of this ornament in common lizards. © 2013 The Linnean Society of London, Biological Journal of
the Linnean Society, 2013, 110, 128-141.

ADDITIONAL KEYWORDS: age-related variation — body size — body condition — common lizard — pigment
— sexual dichromatism — structural UV colour.

INTRODUCTION system of some vertebrate taxa demonstrates sensi-
tivity to wavelengths outside the human-visible range
(Bowmaker, 2008). In particular, ultraviolet (UV;
300-400 nm) vision occurs in some birds, fishes,
amphibians, and reptiles. Recent studies have dem-
onstrated that UV visual signals are also involved in
species recognition, mate choice and/or intrasexual
competition (Andersson & Amundsen, 1997; Rick,
Modarressie & Bakker, 2006; Whiting et al., 2006;
Rick & Bakker, 2008; Bajer et al., 2010; Siebeck et al.,
#*Corresponding author. 2010; Vedder et al., 2010; Secondi, Lepetz & Théry,
E-mail: melissa.martin@snv.jussieu.fr 2012). In particular, human visible and UV colours

Animal colour patterns represent a compromise
between thermoregulation, crypsis to avoid predation,
and conspicuousness for intraspecific communication
(Endler, 1992; Stuart-Fox & Ord, 2004). Conspicuous
coloration involves a variety of structural and pig-
mentary visual signals in animals. The sensory
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INDIVIDUAL VARIATION IN COLORATION 129

are both important in lizards because their visual
capacity extends into the UV domain (Fleishman,
Loew & Whiting, 2011). A description of interindi-
vidual variation in body coloration, including UV
reflectance, is thus an important step towards a
better understanding of the function of colour
variability.

Social interactions, and therefore the costs and
benefits of visual signalling, depend on age, sex, and
individual quality (Andersson, 1994; Bradbury &
Vehrencamp, 2011). We therefore examined variation
in ventral coloration in the common lizard Zootoca
(Lacerta) vivipara (Squamata: Lacertidae; Von
Jacquin, 1787) between age classes and sexes. We
also included body size and body condition in our
analyses, which are two traits potentially related to
individual quality (Fitze et al., 2008). In lizards, the
conspicuous skin coloration results mainly from the
combined properties of carotenoid and/or pteridine
pigments located inside xanthophores, of crystalline
platelets from iridophores that reflect light and
produce structural colours, and a basal dark layer
of melanophores (Macedonia et al., 2000). In the
common lizard, ventral coloration involves both struc-
tural (UV) and carotenoid-based (yellow-red) colours
(Fitze et al., 2009). The carotenoid-based coloration
describes a continuum from pale yellow to dark red
and is influenced by environmental factors (Cote
etal., 2008). This ornamentation is a sexually
selected trait (Vercken et al., 2007; Fitze et al., 2009)
and plays a role in mate recognition (Bauwens, 1987),
intrasexual competition among females (Vercken &
Clobert, 2008), and female mate choice (P. S. Fitze,
pers. comm.). However, previous studies in the
common lizard did not account for inter-individual
variability of the UV component of coloration.

Sex and age are major sources of variation in col-
oration among vertebrates. Males typically exhibit
more elaborate coloration than females, a difference
traditionally assumed to result from sexual selection
(Andersson, 1994). Sexual dichromatism has now
been quantified taking into account the contribution
of UV component in many vertebrate species, includ-
ing squamate reptiles (Andersson, Ornborg &
Andersson, 1998; Cuthill et al., 1999; Stuart-Fox &
Ord, 2004; Font, Pérez I De Lanuza & Sampedro,
2009; Murphy & Pham, 2012). Furthermore, it is
often the case that coloration is less elaborate in
younger or sexually immature individuals, although
age differences in UV signals are rarely examined
(Hill, 1996; Siefferman, Hill & Dobson, 2005;
Freeman-Gallant et al., 2010). In blue tits, Parus
caeruleus, older birds of both sexes display more UV,
and more chromatic and brighter crown coloration
than yearlings (Delhey & Kempenaers, 2006). Accord-
ing to the status-signalling hypothesis (Lyon &

Montgomerie, 1986), the less elaborate coloration of
yearlings might provide an advantage with respect to
avoiding aggression by old individuals. In lizards,
even fewer studies have investigated differences in
coloration between age classes, apart for investiga-
tions of the anti-predatory effect of the bright tail
coloration observed in juveniles of some species
(Carretero, 2002; Hawlena et al., 2006). To our knowl-
edge, age-related variation in the UV domain has not
been tested so far. Thus, a first aim of the present
study was to quantify sex- and age-related variation
in ventral coloration including the UV component.

Elaborate visual signals may be costly to produce
and are therefore expected to convey reliable infor-
mation on the quality of the signaller (Grafen, 1990;
Johnstone, 1995). Traditionally, carotenoid pigmenta-
tion was considered as an ideal model of condition-
dependent signalling because carotenoids are
acquired solely through the diet and allocated
between colour traits and physiological functions,
such as the immune response and antioxidants
(Endler, 1983; Hill, 2006). Our recent studies in
common lizards (Cote et al., 2008; Fitze et al., 2009)
supported this hypothesis by showing that body size
was correlated with chroma and hue, as measured by
Endler’s hue score (Endler, 1990). In addition, Fitze
et al. (2009) found that hue was correlated with caro-
tenoid concentration in the skin. However, the avail-
able evidence now suggests that structural, UV
coloration can also be costly to produce (Senar, 2006),
and that structural coloration may be correlated with
individual quality or health components, including
nutritional condition and immune capacity (Keyser &
Hill, 2000; Doucet, 2002; Martin & Lo6pez, 2009;
Molnar et al., 2012). When coloration involves multi-
ple signals, however, it is important to account for
potential interference and correlation between colour
traits in the analysis of condition-dependence. For
example, the carotenoid pigmented surface of the skin
can reduce skin reflectance in the UV domain
(Mougeot et al., 2007). Thus, a second aim of the
present study was to lead a preliminary investigation
evaluating condition-dependence for ventral colora-
tion as a whole in common lizards.

MATERIAL AND METHODS
STUDY SPECIES

The common lizard, Z. vivipara, is a small lacertid
distributed across Eurasia. In our capture sites
(southern France), females are viviparous, sexual
maturity is attained at 2 years of age, and mating
takes place in May (Bauwens, 1987; Vercken et al.,
2007). Growth is continuous throughout life. This
species is characterized by a brownish dorsal and

© 2013 The Linnean Society of London, Biological Journal of the Linnean Society, 2013, 110, 128-141
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lateral coloration, and a non-nuptial, bright ventral
coloration. Males present a permanent yellow-red
ventral coloration interspersed with black spots,
whereas the coloration in females varies from cream
to orange with few dark spots from the throat to the
tail (Bauwens, 1987; Vercken et al., 2007). The quan-
tity of black spots increases with age (unpub. data).
This conspicuous ventral coloration is concealed to
avian and most mammalian predators, although it
can be used as a signal during behavioural displays
(Stuart-Fox & Ord, 2004). Indeed, common lizards
signal themselves by pushing up on their front legs
and exposing their throat (M. Martin & J.-F. Le
Galliard, pers. observ.), such that conspecifics can
perceive the throat colour and, to a lesser extent,
their abdominal coloration.

CAPTURE AND MORPHOMETRIC MEASUREMENTS

During the two first weeks of July 2008, we captured
individuals from nearby habitats in the Mont Lozere
area (44°30'N, 3°45’E) located in southern France
(capture permit number 2007-189-005). Animals in
moult were excluded from the study. Our sample
consisted of 327 individuals including 229 adults (= 2
years old; 141 females and 88 males) and 98 yearlings
(1 year old and sexually immature; 40 females and 58
males). Sex was determined by eye and by counting the
number of scales on both sides of the abdominal
median line according to the method of Lecomte,
Clobert & Massot (1992). Body size (snout—vent length;
SVL) was measured as the distance between the tip of
the nose and the posterior edge of the cloaca with a
plastic ruler to the nearest millimetre. The sexual
maturity of lizards was estimated from their SVL
based on previous studies conducted in the same area
(i.e. SVL > 50 mm for males and > 53 mm for females;
Massot etal., 1992). SVL was 62.12 +4.27 mm
(mean + SD) for adult females (range: 53—-73 mm) and
55.44 + 2.67 mm for adult males (range: 50-63 mm).
In yearlings, SVL was 46 + 3.58 mm for females
(range: 40-53 mm) and 43.53 = + 3.10 mm for males
(range: 38-50 mm). Additionally, we measured body
mass to the nearest milligram with an electronic scale.
We retained the residuals from a regression of mass
versus SVL as a measure of ‘body condition’ in adult
males. Body condition was not calculated for adult
females because they were potentially pregnant and
the investment in offspring production would affect the
estimate of body condition.

COLORATION ASSESSMENT

Photographic description
We first assessed the spatial distribution of UV
reflectance to determine the relevant ventral body

zones for detailed, quantitative analyses using a
spectrophotometer (see below). We selected a random
subset of female and male adult lizards (V=13
and 9 individuals, respectively). The pattern of
ventral coloration of each individual was photo-
graphed by placing the animal between a white
background and a quartz glass using a digital
camera (Nikon D70S; ISO 400) and a prefocused
macro lens (Nikon CoastalOpt 1:4 UV-VIS-IR Apo-
Micro) that transmits wavelengths between 290 and
1500 nm. Illumination was provided by two incan-
descent bulbs (25 W) and two UV B neon lights. We
first took an image in the human-visible range
through a UV-blocking filter (B+ W 420), which
transmits only wavelengths >400nm. A second
image was taken in the UV range through a
UV-transmitting filter (B + W 403) with peak trans-
mittance at 360 nm and transmission range from
290 to 410 nm (exposure time of 20 s). The resulting
black and white photographs (see Fig. 1) were used
to highlight qualitative differences of coloration
between sexes. Males appeared to be more colourful
than females, and also display a stronger UV reflect-
ance on the throat from the tip of the nose to the
neck and, to a lesser extent, from the neck to the
cloaca (Fig. 1). In females, UV reflectance appeared
to be particularly strong on the throat around the
sub-maxillary area, although it was much lower on
the chest and belly (Fig. 1). Males also appeared to
have more black spots than females, especially on
the chest (i.e. between the two front legs) and the
belly (i.e. between the two pairs of legs). This quali-
tative approach revealed three body zones where
spectral characteristics could potentially differ: the
throat, the chest, and the belly.

Spectrophotometric measurements

We measured spectral properties in the centre of the
throat, chest, and belly for all individuals after the
breeding season. We wused a spectrophotometer
(USB2000; Ocean Optics Inc.) calibrated between 200
and 850 nm, a Xenon light source (PX-2) covering the
range 220-750 nm, and a 400-um fibre optic probe
(R400-7-UV/VIS; Ocean Optics Inc.). Here, we restrict
our analyses to the range 300-700 nm, which
includes the broadest range of wavelengths known to
be visible to lizards (Fleishman et al., 2011). The end
probe in contact with the lizard’s skin was bevelled at
45° and the circular reading spot was approximately
1 mm? Reflectance was measured relative to a dark
and a white diffusive standard (WS-1; Ocean Optics
Inc.). For each lizard, we measured two reflectance
spectra for each body zone (Fig.2). This procedure
allowed us to estimate repeatability (Lessells & Boag,
1987), which includes both measurement error and
the spatial variability in colour.
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Figure 1. Black and white photographs of a representative adult male (A, C) and adult female (B, D) common lizard.
Photographs were taken through an ultraviolet (UV)-blocking filter (A, B) to assess colour in the visible range and through
a UV-transmitting filter (C, D) to provide an estimate of colour in the UV range. In the latter case, white body areas
correspond to areas of higher UV reflectance.
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Figure 2. Mean reflectance spectra of common lizards on the throat, chest and belly zones in females and males adults
(A, B) (with N =141 and 88 individuals, respectively), as well as in female and male yearlings (C, D) (with N =40 and
58 individuals, respectively). Chest and belly mean spectra were similar and different from the throat mean spectra,
irrespective of sex and age class. Errors bars represent the interval of confidence.
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Spectrophotometer measurements were performed
avoiding black spots as far as possible. However,
when a lizard had many ventral black spots, the
reflectance measurements could be made partially on
these black spots, which could impact the shape of
reflectance spectra. To account for this bias, we gen-
erated an index of melanic coloration at each body
zone that consisted of three levels: no spots (corre-
sponding to 0-2% of coverage according to digital
photographs, S. Meylan, B. Guinaudeau, S. Perret, B.
Decencieére Ferrandiéreand & J.-F. Le Galliard,
unpubl. data), some spots (2-10% of coverage) or
many spots (> 10% of area coverage). We used this
melanin index as a covariate in all analyses.

COLOUR DATA ANALYSIS

We imported the reflectance spectra into AVICOL for
subsequent analysis (Gomez, 2006). Common lizards’
spectra were bimodal with a major peak at approxi-
mately 600 nm and a minor peak at approximately
345 nm more or less well marked according the body
location (Fig. 2). Based on this overall shape and
interindividual variation of spectra (Fig. 2), we esti-
mated one brightness parameter and two parameters
describing the saturation and hue of the major peak.
Brightness was calculated as the total reflectance
over the range 300-700 nm (Doutrelant et al., 2008).
Because there is no available formula (Montgomerie,
2006) that allows an optimal calculation of yellow—red
saturation in our spectral data set, we derived a new
spectral parameter we named yellow chroma. Yellow
chroma was computed by

Rmax,so-700 — Ruso

Yellow Chroma =
Rmean;p_s0

Where, Rnax4s0-700 18 the maximal reflectance over the
range 450-700 nm, R, is the reflectance value at
450 nm and Ruean300-700 i the mean reflectance over
the range 300-700 nm. Hue was calculated as the
wavelength at which the slope is maximal in the
visible domain (hereafter called VIS hue; Andersson
et al., 1998) because of the lack of a true major peak
for some spectra. In addition, we computed two
spectral parameters to describe the secondary peak in
the UV domain: UV chroma (the proportion of total
reflectance in the UV range, Doutrelant et al., 2008)
and UV hue (the wavelength of local maximal
reflectance between 300 and 400 nm). We did not
compute physiological models because visual
physiology remains unknown in lacertids (Fleishman
et al., 2011). Spectrophotometer measurements were
significantly repeatable (N = 327 individuals with two
measurements per body zone, for throat: all r = 0.57
and P < 0.0001; for chest: all » = 0.79 and P < 0.0001;

and for Dbelly: all r=0.68 and P <0.000).
Consequently, we averaged the two spectra taken for
each body zone. Because coloration can change over
time (Delhey, 2006), we conducted a preliminary
study to investigate differences in coloration during
and after the breeding season in adult males (N = 12)
and gravid females (N = 17). We found weak seasonal
changes in coloration after mating relative to the
variation observed between age and sex classes, but
consistent interindividual variation during this
period (for details, see Appendix S1, Fig.S1 and
Table S1).

STATISTICAL ANALYSIS

Spectral data were analyzed in two ways with R,
version 2.13.1 (R Development Core Team, 2011).
First, in separate analyses, we assessed the variation
of each spectral parameter between sexes, age classes
(yearling or adult), and body zones (throat, chest or
belly) using the linear mixed-effect (Ime) procedure
with measurements nested within individuals as
implemented in the NLME package. We included the
melanin index as a covariate in these analyses.
Because the effect of body zone was always significant
and the features of chest and belly spectra were
statistically indistinguishable (Fig. 2), we analyzed a
saturated model (three body zones), a model pooling
spectra from the chest and belly (two body zones), and
a null model (no differences between body zones). We
found the highest support for the second model for all
parameters (results not shown) and hence chest and
belly data were pooled for all subsequent analyses.
We subsequently performed Student’s ¢-tests to quan-
tify sex and age differences on data from the throat,
and from the chest and belly region (CBR) (Shapiro—
Wilks test for normality, all parameters with P > 0.1).

Significant correlations existed between most of the
spectral parameters (see Supporting information,
Table S2). Thus, we chose to summarize our spectral
data using principal component analysis (PCA;
Endler, 1990; Cuthill et al., 1999) with the dudi.pca
procedure implemented in the ADE4 package. Given
the results of our independent analyses of each spec-
tral parameter (see below) and our prime interest of
dimorphism among sexually mature animals, we ran
one PCA on adult spectral data for the throat, and
another PCA for the CBR data (five variables in each
case). To determine how many axes represent signifi-
cant variation with respect to the original data, we
referred to the method proposed by Kaiser (1960)
(only eigenvalues at least equal to one are retained).
We then extracted the absolute contributions of the
decomposition of inertia for each axe with the iner-
tia.pca procedure implemented in the ADE4 package
and interpreted only spectral parameters whose
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contribution exceeded the mean contribution. We
used the PC scores in a linear model (Im procedure) to
analyse sexual differences on the throat and CBR
(Venable & Ripley, 1999) including melanin index as
a covariate. In addition, a k-nearest classification
method was used to test whether the PC scores allow
sex discrimination using the IBE procedure imple-
mented in RWEKA (Hornik, Buchta & Zeileis, 2009).
Finally, to evaluate condition-dependence of total col-
oration in adults, we ran separate PCAs for each sex
and body region. For each of these analyses, we then
regressed the PC scores against SVL. In addition, we
analyzed the correlation between the PC scores and
body condition in males. All statistical analyses
started with a full model including all explanatory
variables and the best model was chosen by backward
elimination of nonsignificant terms using analysis of
variance.

RESULTS

The amount of melanin influenced brightness and UV
chroma (i.e. proportion of UV reflectance; Table 1).
Four of the five spectral parameters (with the excep-
tion of VIS hue) depended on a significant, three-way
interaction between body zone (throat versus CBR),
sex and age class (Fig. 3, Table 1). Overall, animals
displayed a higher brightness, a higher UV hue (UV
peak closer to 400 nm), and a higher proportion of UV
reflectance on the throat than on the CBR (Fig. 3). By
contrast, CBR coloration was redder (higher VIS hue)
and more intense (higher yellow chroma) in adults.
Yearlings CBR spectral parameters did not exhibit
this pattern (Fig. 3).

AGE EFFECTS

Age-related variation of body coloration existed
between sexes and body zones (Tables 1, 2). Adults
had higher values for brightness and yellow chroma

relative to yearlings. This age difference is especially
strong on the CBR for brightness in females and
chroma in males (Table 2, Fig. 3). VIS hue increased
with age more strongly on the CBR than on the
throat, and UV hue was significantly higher (less
UV-shifted) in adults than in yearlings for males but
not for females. In addition, the proportion of UV
reflectance did not change significantly with age in
males on the throat; it increased with age in males on
the CBR, although it decreased with age on throat
and CBR for females (Figs 2, 3; Table 2).

SEXUAL DIFFERENCES

All spectral parameters were influenced by sex,
although with some differences according to age and
body zone (Fig. 3, Table 1). Males were duller than
females on CBR but not on the throat, and this sexual
difference was stronger in adults than in yearlings
(Fig. 3, Table 3). In yearlings, yellow chroma was sig-
nificantly higher in males than in females. The rela-
tionship is the same for the adults’ CBR but reversed
for the adults’ throat: females had a more yellow—red
saturated throat coloration than males. VIS hue and
UV components presented the same classical pattern;
males were redder and had less UV-shifted (higher
hue) and stronger proportion of UV reflectance than
females, except for throat data in yearlings (Fig. 3,
Table 3).

PCA of adult coloration resulted in two major axes
that accounted for 63.80% of the variance in throat and
77.32% of the variation in CBR (Table 4). For throat
data, the first principal component (PC1) had strong
positive loadings for UV chroma and UV hue, and
negative loadings for yellow chroma. The second prin-
cipal component (PC2) was associated with variation
in VIS hue. The mean PC score for males and females
differed along PC axes 1 and 2 (PC1: Fig2:7=61.66,
P <0.001; PC2: Fi27=46.31, P<0.001). Males and
females exhibited substantial overlap along PC axes 1

Table 1. Results of univariate analyses for each colour trait: best models explaining the colour traits variation after a
backward procedure of factors selection from the full model ‘y ~ age x sex x zone + melanin’

Brightness Visible hue Yellow chroma UV hue UV chroma

Factors F P F P F P F P F P
Age 76.00 <0.001 8.81 0.003 5021.39 <0.001 10.40 0.001 64.14 <0.001
Sex 86.50 <0.001 6152 <0.001 174.02 <0.001 181.10 <0.001 725.75 <0.001
Zone 367.12 <0.001 9.32 0.001 29.02 <0.001 878.20 <0.001 2184.80 <0.001
Melanin 9.65 0.002 0.35 0.55 0.26 0.61 3.10 0.08 4.75 0.03
Age x Sex 7.60 0.006 1.28 0.26 0.42 0.52 26.50 <0.001 179.78 < 0.001
Age x Zone 0.40 0.53 3.52 0.03 4.21 0.015 2.40 0.12 14144 < 0.001
Sex x Zone 108.32 < 0.001 6.35 0.01 121.12 <0.001 186.00 <0.001 37.25 <0.001
Age x Sex x Zone 23.77 <0.001 0.48 0.49 35.80 <0.001 16.30 <0.001 1569 <0.001
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Figure 3. Mean spectral parameters of yearlings (A) and adults (B) on the throat and chest and belly region (CBR) in

females (grey circles) and males (black triangles). Errors bars represent the SEM. UV, ultraviolet; VIS, visible.

Table 2. Differences in spectral parameters of colour reflectance spectra between yearlings and adults for the throat and
the chest and belly region (CBR) in females and males

Females Males
d.f. t P d.f. t P
Throat Brightness 174.58 -5.21 <0.001 140.21 -5.23 <0.001
Visible hue 88.60 -0.14 0.89 113.72 -2.11 0.037
Yellow chroma 174.56 -13.51 <0.001 141.14 -4.75 <0.001
UV hue 76.13 -0.23 0.82 117.21 -3.09 <0.001
UV chroma 66.54 13.35 <0.001 110.65 -1.29 0.20
CBR Brightness 170.76 -10.21 <0.001 142.29 -3.46 <0.001
Visible hue 60.08 -2.34 0.023 127.57 -11.88 <0.001
Yellow chroma 77.92 -7.80 <0.001 140.98 -14.67 <0.001
UV hue 89.14 -0.24 0.81 126.79 -7.26 <0.001
UV chroma 61.52 13.06 <0.001 140.14 -6.82 <0.001

A bold positive ¢-value corresponds to a mean that is higher in yearlings than in adults. Bold P-values are significant.

UV, ultraviolet.
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Table 3. Differences in spectral parameters of colour reflectance spectra between females and males for the throat and
the chest and belly region (CBR) in yearlings and adults

Yearlings Adults
d.f. t P d.f. 3 P
Throat Brightness 95.4 1.61 0.11 190.3 -0.08 0.93
Visible hue 84.4 -1.63 0.11 226.8 —4.24 <0.001
Yellow chroma 96.0 -2.63 0.01 204.1 4.73 <0.001
UV hue 82.8 0.07 0.95 219.6 -3.09 0.002
UV chroma 79.7 1.40 0.17 218.6 -18.75 <0.001
CBR Brightness 95.9 5.16 <0.001 196.5 8.38 <0.001
Visible hue 49.8 -3.29 0.002 207.5 -8.08 <0.001
Yellow chroma 72.1 -3.01 0.003 207.6 -8.84 <0.001
UV hue 96.0 -3.66 <0.001 171.6 -13.37 <0.001
UV chroma 87.0 -3.87 <0.001 142.0 -27.03 <0.001

A Dbold positive t-value corresponds to a mean that is higher in yearlings than in adults. Bold P-values are significant.

UV, ultraviolet.

Table 4. Scores and contribution of colour traits for each axis resulting from principle components (PC) analyses applied
to throat and chest and belly region data for adult individuals of sexes; adult females; and adult males

Adults Adult females Adult males
Throat PC1 PC2 PC1 PC2 PC1 PC2 PC3
Eigenvalue 2.06 1.13 2.43 1.09 1.48 1.37 1
Variance (%) 41.15 22.65 48.55 21.88 29.66 27.37 20.01
Loadings
Brightness 0.51 -0.03 0.59 -0.45 -0.74 0.3 -0.12
Visible hue -0.06 0.96 -0.34 -0.83 -0.3 0.17 0.92
Yellow chroma -0.86 0.16 -0.9 -0.11 0.55 0.63 0.25
UV hue 0.67 -0.14 0.67 0.26 -0.67 0.49 -0.19
UV chroma 0.78 0.39 0.84 -0.35 -0.32 -0.79 0.23
Chest and belly PC1 PC2 PC1 PC2 PC3 PC1 PC2
Eigenvalue 2.68 1.04 2.02 1.28 0.97 0.91 0.15
Variance (%) 53.55 20.77 40.39 25.58 19.44 38.12 25.08
Loadings
Brightness 0.71 0.01 0.6 0.57 0.26 -0.65 -0.51
Visible hue -0.71 -0.47 -0.62 0.72 -0.14 0.28 -0.8
Yellow chroma -0.77 -0.53 -0.89 0.3 -0.09 0.88 -0.1
UV hue -0.74 0.52 0.32 -0.01 -0.94 0.27 -0.57
UV chroma -0.73 0.51 0.62 0.59 -0.04 -0.75 -0.17

Bold values indicate traits with a significant loading (see Material and Methods).

UV, ultraviolet.

and 2, which suggests a low discrimination between

sexes (Fig. 4A). Indeed, the 2-means cluster analysis of

throat data resulted in males and females being mis-
classified with an error rate of 20.52 + 0.23% (k =6).
The throat coloration of males was, on average, paler

but redder, richer in UV and less UV-shifted (high hue)

than those of females (Fig. 4A).

PCA based on the CBR data resulted in the first
axis with positive loadings for brightness but negative
loadings for VIS hue, yellow chroma, UV hue, and UV
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Figure 4. Representation of throat (A) and chest and
belly region (CBR) (B) spectral parameters of adult indi-
viduals in a plot of the two first principal components (PC1
and PC2). Grey and black ellipses correspond to the female
and male inertia ellipses centred on the means, respec-
tively. Their width and height are given by the variances,
and the covariance sets the slope of the main axis of the
ellipse. Loadings for each PC are described in Table 4.

chroma (Table 4). By contrast, PC2 had positive load-
ings for UV hue and UV chroma, and negative
loadings for VIS hue and yellow chroma. Both PC
scores were significantly different between sexes
(PC]. F1,227 = 5959, P < 0001, PC2 F1,227 = 3147,
P <0.001). The sexes were clearly separated in a plot
of the PC 1 versus PC 2 (Fig. 4B). This is highlighted
by the results from the k-means cluster analysis, in
which the proportion of individuals misclassified was

only 0.44 + 0.02% (k =5). Males had a duller, less
UV-shift (higher hue) and more UV-chromatic CBR
coloration than females (Fig. 4B).

BODY SIZE AND CONDITION EFFECTS

The analyses of intrasexual variation in adults high-
lighted significant relationships between coloration
and morphological traits. In females, PCA on female
throat coloration resulted in two axes accounting for
70.43% of the total variance (Table 4). PC2, associated
with variation in VIS hue, showed a significant nega-
tive correlation with SVL but not PC1 (regression,
PC1: Fi113,=0.76, P=0.38; PC2: f=-0.047 = 0.02,
F1139=-5.38, P =0.022). Three PC axes accounted for
85.41% of the total variation in female CBR coloration.
PC1 described variation in yellow chroma and was
positively correlated with SVL but not the two other
axes (PC1: $=0.097 = 0.027, Fy13 = 12.76, P < 0.001;
PC2: F1139=1.17, P =0.28; PC3: F1 139 = 2.62, P = 0.11).
Large females had a yellower throat (spectral peak in
shorter wavelengths) and a more intense yellow—red
belly coloration than small females.

In males, PCA was performed on data from the
throat required three axes to explain 77.04% of the
variation (Table 4). No relationships were found
between PC1l or PC3 and SVL or body condition
(regression between PC1 and SVL: Fig =0.06,
P=0.80; PC1 and body condition: Fig =0.23,
P =0.64; PC3 and SVL: F;5=1.03, P=0.31; PC3 and
body condition: Fig5=0.08, P=0.77). However, PC2,
which had large positive loadings for yellow chroma
and negative loadings for UV chroma, was negatively
correlated with SVL (f=-0.12 + 0.05; Fig=6.45,
P =0.013) but not with body condition (Fig =3.17,
P =0.08). In other words, the throats of large males
reflected more UV but displayed a paler yellow—red
coloration. For the CBR, the two first PCs accounted
for 63.20% of the variation in male coloration
(Table 4). PC1 had a large positive loading for yellow
chroma and negative loadings for brightness and
UV chroma. This axis is significantly negatively
correlated with body condition (B=-2.85=+1.28,
F1,86 = 494, P= 0029) but not Wlth SVL (F1,35 = 081,
P=0.37). PC2, which had large, negative loadings
associated with variation in brightness, VIS hue, and
UV hue, was positively correlated with body condition
(B=2.13 £1.05, F15=4.15, P=0.045) but not with
SVL (F1 85 = 0.30, P = 0.58). Thus, males with a higher
condition index had brighter, paler red, more UV rich
and less UV shifted (high hue) ventral spectra.

DISCUSSION

In addition to previous investigations of interindi-
vidual variation in a carotenoid-based component of
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coloration (Cote et al., 2008; Fitze et al., 2009), the
present study demonstrates that ultraviolet compo-
nents also contribute to generate substantial
intraspecific variation in ventral coloration. Based on
photographs and spectrophotometric analyses, we
found two distinct ventral patches with contrasted
spectral characteristics. The throat area was charac-
terized by a brighter, paler and yellower coloration
with a strong UV component (up to 20% of the total
reflectance). The CBR was characterized by a more
intense and redder coloration with lower UV reflect-
ance. These differences between the throat and CBR
coloration, especially in adults, suggest that these
ventral regions are affected by different selective
pressures. During behaviours such as push-up dis-
plays (M. Martin & J.-F. Le Galliard, pers. observ.),
the throat is the most visible ventral surface for
conspecifics, as well as for certain predators, such as
snakes and terrestrial mammals. Thus, the throat
might be subjected to stronger natural and sexual
selection than the CBR (Cooper & Greenberg, 1992;
Stuart-Fox & Ord, 2004), and both regions might be
involved in different social contexts.

In adult common lizards, the hue of the skin, as
measured by Endler’s hue score (Endler, 1990), is an
index of the total carotenoid concentration (Fitze
et al., 2009). In the present study, we found sig-
nificant correlations between UV and human visible
components of ventral coloration, which suggests dif-
ficulty with respect to teasing apart structural
and pigmentary components. The proportion of UV
reflectance (UV chroma) was negatively correlated
with yellow chroma (colour purity), especially on the
throat, where this relationship explained most of the
variation in spectral shape parameters (in females:
PC1, 48.55%; in males: PC2, 27.37%). On the CBR,
UV chroma also negatively correlated with brightness
and VIS hue. Experimental removal of the red epi-
dermis of the combs in male grouse, Lagopus lagopus
scoticus, revealed that carotenoid pigmentation in the
epidermis absorbs light between 300 and 500 nm and
thus decreases UV reflectance by the dermis
(Mougeot et al., 2007). In the present study on the
common lizard, the absorption of light by carotenoid
pigments of superficial skin layers may also interfere
with UV reflectance by platelets of iridophores located
in lower skin layers.

AGE-RELATED VARIATION

Our analyses revealed significant age differences in
coloration. Adult common lizards displayed more
chromatic (i.e. higher VIS hue and yellow chroma)
and less bright colours, especially on chest and belly,
than yearlings. These results may indicate a stronger
selection for crypsis in yearlings that decreases pre-

dation risk and avoids harassment by adults
(Hawkins, Hill & Mercadante, 2012); dull coloration
may be a reliable signal of subordinance in younger
individuals (Lyon & Montgomerie, 1986). Accordingly,
previous studies in birds have found that older indi-
viduals displayed more UV (lower hue, higher UV
chroma) coloration than yearlings (Johnsen et al.,
2001; Delhey & Kempenaers, 2006). By contrast, in
the common lizard, a bright UV component of colora-
tion occurred in yearlings of both sexes and UV
chroma remained similarly high in adult males,
whereas it decreased significantly in adult females.
The significant UV reflectance in yearlings indicates
that structural components of coloration could play a
signalling role before reproduction, as may occur
during competition for space and food (Tringali &
Bowman, 2012). The loss of UV reflectance in adult
females is, to our knowledge, the first report of such
a phenomenon of colour development in vertebrates.

Different scenarios could explain why and how age-
related variation in UV components of colour occurs.
First, sexual maturity in females involves a substan-
tial energetic investment in gonad development and
vitellogenesis (Bleu et al., 2012), which may occur at
the expense of maintenance of structural components.
Repeated colour measurements performed after
mating until oviposition indicated a slight, yet signifi-
cant decrease of the proportion of UV reflectance
throughout gestation (mean decrease of 1% for UV
chroma). This could contribute to the observed differ-
ence between yearlings and adult females measured
after egg laying (mean difference of 7.4%). Second,
because bright coloration is potentially costly in terms
of survival (Johnstone, 1995), a low UV reflectance in
adult females could also represent a strategy for
avoiding detection by predators. Third, the mainte-
nance of a strong UV component in males could be
promoted by sexual selection if UV components act as
a marker of social aggressiveness or fighting ability
against other males (Stapley & Whiting, 2006; Bajer
et al., 2011). These hypotheses can be evaluated by
collecting repeated coloration data during the repro-
ductive lifespan of adults and by testing for the
relationship between UV coloration and sexual
behaviours.

SEXUAL DICHROMATISM

The results obtained in the present study demon-
strate that male and female common lizards signifi-
cantly differed in their spectral characteristics on the
throat and chest and belly. In yearlings, sexual dif-
ferences occurred on the CBR, with males having
more chromatic coloration but a lower brightness. In
adults, differences between the sexes increased on the
CBR; some sexual differences also appeared on the
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throat where coloration was paler but redder, richer
in UV and less UV-shifted (high UV hue) in males.
These results suggest a difference in the onset of
sexual dichromatism on different regions of the body.
Sexual dichromatism develops precociously on the
chest and belly (before the age of 1 year) and later on
the throat. In adults, differences in the colour fea-
tures of the throat did not allow discrimination of
males from females, whereas sexes were clearly dis-
tinguishable by the spectral characteristics of the
chest and belly, as found in water dragons (Cuervo &
Shine, 2007). Altogether, these data suggest that
carotenoid-based and UV components of coloration
could play a role in sexual selection. Previous studies
have already shown that yellow-red ventral orna-
ment is involved in female contest competition and
mate choice in the common lizard (Vercken & Clobert,
2008; P. S. Fitze, pers. comm.). Moreover, previous
studies in other lizards have demonstrated that UV
components can play a role during mate choice and
male-male contests (Lebas & Marshall, 2001; Stapley
& Whiting, 2006; Martin & Loépez, 2009). For
example, male green lizards, Lacerta viridis, with
reduced UV components are less preferred by females
(Bajer et al., 2010) and have a higher likelihood of
losing a fight against another male (Bajer et al.,
2011). Such a link between UV components of colour
and sexual behaviours remains to be established in
the common lizard.

BODY SIZE AND CONDITION EFFECTS

Finally, we tested whether differences in coloration
among adults could be explained by differences in
body size within each sex or by differences in body
condition in males. A large body size in adults is
indicative of both older age and faster growth early in
life (Le Galliard, Marquis & Massot, 2010), whereas a
higher body condition for males is indicative of
greater body reserves and a larger head size (J. F. Le
Galliard, unpubl. data). Body size is also an impor-
tant determinant of social dominance and mate choice
in the common lizard (Richard etal., 2005). In
females, we found that larger individuals had a yel-
lower throat (lower VIS hue) and a more saturated
CBR coloration (higher yellow chroma), as found by
Cote et al. (2008), even though spectral purity was
calculated differently. In males, we found that larger
lizards had a less saturated (weaker yellow chroma)
but a relatively richer UV (stronger UV chroma) and
less UV-shifted (higher UV hue) throat coloration. In
addition, body condition in males correlated with
colour parameters of the chest and belly: males with
a higher condition index had brighter, paler red
(lower yellow chroma and higher VIS hue), more UV
rich and less UV-shifted ventral spectra. Thus, the

coloration of males on the throat and the coloration of
females was related to body size even if different
spectral parameters and relationships were involved
(Stuart-Fox & Ord, 2004; Calsbeek, Hasselquist &
Clobert, 2010; Runemark & Svensson, 2012). Moreo-
ver, coloration on the chest and belly was related to
body condition in males. This suggests that coloration
may provide different cues depending on the body
location and that the same cue can be conveyed by
different colour traits depending on the sex of the
signaller. These results can be interpreted in light of
the multiple signals hypothesis, where different
visual signals indicate individual quality in males
and females and, thus, reinforce the reliability of
signals in a social context (Mgller & Pomiankowski,
1993; Rowe, 1999; Hamilton & Sullivan, 2005).

In summary, we have found that structural and
pigmentary components of ventral coloration contrib-
ute to sexual dimorphism in the common lizard Z. vi-
vipara, and vary according to the age, body size and
condition of the signaller, as well as body location.
Given the strong age-dependent variation observed in
the present study but a limited understanding of
ontogenic mechanisms, our results emphasize the
need for studies of the development of structural
components of coloration, as well as for investigations
of visual communication in immature animals.
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Appendix S1. Tests for seasonal changes over time.

Figure S1. Multiple plots representing the mean spectral parameters of gravid females and males during and
after the breeding season on the throat (empty circles) and the chest (black triangles). Errors bars are the
standard error of the mean.

Table S1. Intra-individual variability in coloration during the breeding season in males and females. The
correlation coefficient () measures the correlation between measurements taken on the same individual during
and after mating, and significant terms are bolded. The significance of the intra-individual change is tested with
paired Student’s ¢-tests (¢-value and associated P-value) against the null hypothesis. Significant paired ¢-tests
are shown in bold.

Table S2. Matrix of Pearson correlations between spectral parameters on the throat (in the lower left triangle)
and on the chest and belly region (in the upper right triangle) in adult common lizards. Stars represent a
significant correlations (P < 0.05).
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