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When integumentary tissue pigments are contained in chromatophores, tissue color might not depend exclu-
sively on the amount of pigment. Whether coloration does or does not reflect pigment concentration may be
very significant for intraspecific communication, for example when pigment concentration provides fitness-
related information. We studied the pigment responsible for the orange/red ventral tail coloring in a lacertid
lizard species (Acanthodactylus erythrurus), and whether the color was related to skin pigment concentration.
The pigment was identified as a pterin, a higher concentration of which resulted in darker, more red-saturated,
redder (less orange) ventral tail skin color. The dorsal tail integument, even though it appears mostly gray to
the naked eye, also contained pterins, and furthermore, the dorsal and ventral pterin concentrations were posi-
tively correlated. A possible explanation for these results is that pterins accumulate in the skin of the whole tail,
even if only needed in the ventral part, but are concealed in the dorsal part. In this way, ventral orange/red
coloration would accurately reflect pterin concentration, which provides the basis for a signaling function,
while dorsal coloration would become less conspicuous as an anti-predatory mechanism.

© 2015 Elsevier Inc. All rights reserved.
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1. Introduction

Coloration exhibited by animals is, in most cases, the result of selec-
tive absorption, reflection and/or refraction of the light incident on the
skin or other external structures such as hair or feathers (Fox, 1976).
When selection of certain wavelengths is caused by the microstructure
of the surface, as it happenswithmost blue and green hues in animals, it
is known as structural coloration (Kinoshita et al., 2008). But when
wavelength selection is caused by pigments, which are molecules that
absorb part of the light spectrum, it is known as pigmentary coloration.
The most common types of pigments in integumentary tissues are mel-
anins (e.g. eumelanin and pheomelanin), responsible for black, gray and
brown colors (Slominski et al., 2004), and carotenoids (e.g. lutein,
astaxanthin and canthaxanthin), typically producing yellow, orange
and red hues (Goodwin, 1984). However,many other types of pigments
such as pterins, porphyrins, or psittacofulvins have been also found in
animals (McGraw, 2006).

Pigmentary coloration plays a fundamental role in animal com-
munication, both within and between species (Cott, 1940). In inter-
specific communication, these color signals are common subjects of
study in predator–prey interactions due to aposematism and mimicry
(Stevens, 2007). Coloration can also be useful to divert predator attacks
towards non-vital body parts (VanBuskirk et al., 2004), or in association
josabel.belliure@uah.es
with some behaviors, inform the predator that it has been spotted and
would waste time and energy if launching an attack (Alvarez, 1993).
In intraspecific communication, pigmentary colors may signal a wide
array of individual characteristics, both in sexual and non-sexual inter-
actions (Senar, 2006; Blount and McGraw, 2008). For instance, colora-
tion may play an important role in mate acquisition by signaling
fertility or health status (Weiss, 2006; Pitcher et al., 2007; del Cerro
et al., 2010), and thus making the bearer more sexually attractive
(Deere et al., 2012). Coloration may also reflect aggressiveness or dom-
inance, crucial traits when individuals compete for access tomates or to
non-sexual resources such as territories or food (Senar, 2006). Commu-
nication between age classes is another important intraspecific function
of color signals in many taxa. For example, juvenile coloration may re-
duce aggression from adults (VanderWerf and Freed, 2003) and affect
parental investment (de Ayala et al., 2007).

The kind of pigment responsible for the color might have profound
implications on the evolution of coloration as a signal, because different
pigments usually have different properties. For example, while some
pigments (e.g. carotenoids) cannot generally be synthesized de novo
by animals (Britton, 1998) and might thus signal the ability to obtain
resources, others (e.g. pterins) are synthesized within animal cells
(Ziegler, 1965; Brown, 1985) and would not be as well suited to sig-
naling that ability. Therefore, determining the pigment responsible
for a particular color would be a good first step in studying the func-
tion and evolution of that color. Although some animal colors are
usually caused by specific pigments (e.g. black is generally caused by
eumelanin), the pigment responsible often cannot be inferred for
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other colors (McGraw et al., 2004). For instance, a similar red color (blood
red according to Toral et al., 2008) in avian feathers can be caused by
pheomelanin in the barn swallow (Hirundo rustica) (McGraw et al.,
2004) or by carotenoids in the wallcreeper (Tichodroma muraria)
(Bleiweiss, 2014). In another example, the bright yellow color of the
iris is produced by carotenoids in the short-eared owl (Asio flammeus)
and by pterins in the great horned owl (Bubo virginianus) (Oliphant,
1988).

In some integumentary tissues (e.g. feathers), pigments are embed-
ded in proteins, and the intensity of the color is usually directly propor-
tional to the amount of pigment (Saks et al., 2003; McGraw et al., 2005;
Galvan et al., 2012). However, in some cases, the relationship between
pigment concentration and color is not so obvious. Skin coloration in
some animal taxa (e.g. reptiles, fish or cephalopods) is mainly due to
pigment-containing cells called chromatophores (Grether et al., 2004;
Bagnara and Matsumoto, 2007). The amount of pigment contained in
the chromatophore does not necessarily determine the color, as it is
demonstrated in animals that can change skin color quickly (e.g. squids;
Hanlon et al., 1999). This color change may be due to dispersion or ag-
gregation of the pigment in the cell (Logan et al., 2006) or to expansion
or retraction of the chromatophore, with the consequent change in size
and/or shape (Messenger, 2001). Even in animals that cannot change
skin color quickly, all or part of the pigments might be concealed and
not contribute to coloration. Moreover, tissue microstructure may
alter pigmentary coloration dramatically. For example, green skin
color in male panther chameleons (Furcifer pardalis) is the result of
the interaction between yellow pigments and a layer of iridophores,
cells that contain light-reflective guanine crystals (Teyssier et al.,
2015). Animal excitation causes an increase in the distance among crys-
tals and skin color change from green to yellow (Teyssier et al., 2015).
Similarly, in other lizard species, reflectance of the layer of iridophores
also contributes greatly to pigment-based coloration (e.g. Morrison
et al., 1995; San-Jose et al., 2013). Given the different characteristics of
chromatophores and background tissue (apart from pigment content)
that affect pigmentary coloration, it is not surprising that several studies
have found aweak (e.g.Weiss et al., 2012) or no (e.g. Garner et al., 2010;
San-Jose et al., 2013) relationship between skin pigment concentration
and coloration.

Whether coloration does or does not accurately reflects pigment
concentration may have implications for signal honesty. Animal com-
munication often occurs among individuals with conflicting interests,
and mechanisms maintaining signal honesty are then required. For a
signal to be reliable, its expression should entail fitness costs that are
more affordable for high-quality than for low-quality individuals
(Zahavi, 1975; Grafen, 1990). Color signals in general can be costly for
different reasons (e.g. increased predation; Stuart-Fox et al., 2003),
but pigment-based color signals in particular might also be costly be-
cause of the properties of the pigment. For example, when pigments
have immune or antioxidant functions (e.g. carotenoids and pterins;
McGraw, 2005), there is a trade-off between devoting pigments to be-
come colorful or to the other physiological processes (including, for ex-
ample, egg yolk formation in the case of reproductive females). In this
case, only individuals with low immune and antioxidant requirements
(i.e., healthy animals) will be able to use pigments mostly for coloration
(Mougeot et al., 2010). It has been also suggested that pigment-based
coloration might signal the efficiency of cellular respiration through
the oxidation of pigments (Johnson and Hill, 2013).

Our study species was Acanthodactylus erythrurus (Schinz 1833), a
North African/Southern European lizard species of the Lacertidae family.
Juveniles of this species develop orange/red coloration on the rear part
of their hind limbs and the ventral part of their tails (Fig. 1F) (Seva
Román, 1982; Carretero and Llorente, 1993). The identity of the pig-
ment responsible for this coloration is currently unknown. Juvenile
males lose their orange/red color when approaching sexual maturity,
whereas juvenile females retain it through adulthood (Seva Román,
1982). The orange/red coloration of adult females retained from the
juvenile phase increases in intensity at the beginning of the reproduc-
tive season until they are gravid, when it is gradually lost and becomes
light buff-gray, nearly white (Fig. 1D) (Cuervo and Belliure, 2013). In
contrast, adult males show white coloration on the rear part of their
hind limbs and the ventral part of their tails during thewhole reproduc-
tive season (Fig. 1B) (Seva Román, 1982). Dorsal tail color is brownish
gray with light and dark patches and stripes (Fig. 1H).

Orange/red coloration in most lizard species studied to date is
caused by pterins (e.g. Ortiz et al., 1962; Ortiz and Maldonado, 1966;
Weiss et al., 2012), although in some species it is caused by carotenoids
(e.g. Hamilton et al., 2013). When both types of pigments are present,
mainly pterins contribute to this color (Ortiz et al., 1963; Macedonia
et al., 2000; Steffen and McGraw, 2009). Pheomelanin can also produce
reddish colors in some animal taxa (e.g. in birds; Toral et al., 2008), but
this kind of pigment has never been found in lizards or in any Squamata
(the order including lizards and snakes). Pheomelanin has been
found in a reptile species, namely a tortoise (Roulin et al., 2013), but
Testudines (the order including tortoises and turtles) are not close
relatives of lizards. In fact, lizards are phylogenetically as distant from
Testudines as they are from birds (Wang et al., 2013).

The aims of this study were (1) to identify the pigment responsible
for orange/red coloration and (2) to determine whether orange/red
coloration reflects skin pigment concentration in A. erythrurus, a lizard
species in which chromatophores are responsible for skin color.

2. Materials and methods

2.1. Field procedures

The study was carried out in May 2009 in Almería, south-eastern
Spain. We captured lizards in Cabo de Gata-Níjar Natural Park (36°49′
08″–36°50′13″ N, 2°16′59″–2°18′36″ W), in open coastal scrubland
with sandy soils. A total of 30 individuals were captured with a noose
at the end of a 2-m-long fishing pole and placed in individual cloth
bags (23 × 28 cm) inside a cooler to avoid overheating. They were
five adult males (white tail), six adult females (light buff-gray tail,
as they were captured around the egg-laying period; Cuervo and
Belliure, 2013) and 19 juveniles (orange/red tail). Juveniles could not
be sexed because sexual dimorphism in juveniles of this species is not
yet evident in spring of their first year. We then took all animals to the
Finca Experimental La Hoya, a facility of the Arid Zones Experimental
Station (EEZA-CSIC) in Almería city, about 20 km from the area where
lizards were captured. In the laboratory, we measured and weighed
the lizards and quantified tail color (see Color measurement). Immedi-
ately after color measurement, we detached the tail around 2 cm from
the cloaca by gently pulling with the fingers. As this species has caudal
autotomy (Belliure, 2009), the force needed to detach the tail was
small and there was virtually no bleeding. A 1-cm-long piece of the
proximal part of the detached tail was then cut with scissors and frozen
at −70 °C until pigment analysis (see Pigment determination and
quantification). All animals were released less than 24 h after capture
in the same place where they had been captured. All of them behaved
normally when released. We did not mark lizards individually, but
unnoticed recaptures were not possible because only individuals with
intact tail were included in the study. Individuals with regenerated
tails were excluded because regenerated tails differ in coloration from
original ones in many lizard species (e.g. Kwiatkowski, 2003; Ritzman
et al., 2012), including A. erythrurus (personal observation), and this
might affect the results.

2.2. Color measurement

We recorded reflectance spectra (325–700 nm) with an Ocean
Optics USB2000 spectrophotometer (Ocean Optics, Inc., Dunedin,
FL, USA) connected to a deuterium tungsten halogen light source
(DT-MINI-2-GS). Reflectance was always measured with the coaxial
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reflection probe (QR400-7-UV/BX) placed gently in contact with the
skin (with no pressure applied) at a 45° angle. The measurements
were referenced to standard white (WS-1) and dark (black electrical
tape), which were calibrated before measuring each lizard. Data were
processed with SpectraSuite (Ocean Optics, Inc., Dunedin, FL, USA)
software. We measured reflectance five times for each individual on
the ventral part of the tail around 2.5 cm from the cloaca. We took
the five measurements in a row, and the probe was repositioned
after each measurement. Reflectance spectra and photographs of the
ventral part of the tail can be found in Fig. 1. We calculated three color
parameters from reflectance data following standard procedures
(Montgomerie, 2006): brightness (Σ reflectance 325–700 nm), red
Fig. 1. Average (±SE) reflectance spectra and photographs of the ventral part of the tail in Ac
reflectancewasmeasured around the egg-laying period,when adult females had lost their red c
of the dorsal part of the tail in juveniles (n = 12) not included in this study are also shown for
chroma (Σ reflectance 625–700 nm divided by Σ reflectance 325–
700 nm), and hue (wavelength of maximum reflectance). The repeat-
ability of measurements (Lessells and Boag, 1987) was estimated from
the 30 lizards, and was high for brightness (r=0.906) and red chroma
(r= 0.980), but relatively low for hue (r=0.340). In any case, within-
individual variability of the three parameters was significantly less than
among-individual variability (ANOVAs; F29,120 ≥ 3.57, p b 0.00001), thus
justifying the use of means for each individual in later analyses.

Dorsal tail color appeared to be mostly gray to the naked eye, so
red pigments were not expected and dorsal tail color was not quan-
tified in this study. However, dorsal tail skin turned out to contain
red pigments in a subsample of juveniles (see Results), thus making
anthodactylus erythrurus lizards. (A, B) Adult males (n = 5). (C, D) Adult females (n = 6;
olor). (E, F) Juveniles (n=19). (G, H) Average (±SE) reflectance spectra and a photograph
illustrative purposes.
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spectrophotometric measurements of the dorsal part of the tail in-
teresting. Unfortunately, when the presence of red pigments in dor-
sal skin was discovered, it was impossible to recapture the same
individuals for which pigment content had been determined. Even
if they had been recaptured, their colorationmight have changed be-
cause they would not be juveniles anymore, and because they would
have regenerated tails. Although we did not quantify dorsal tail color
in this study, 12 juveniles were captured in 2011 for another study
and reflectance of the dorsal part of the tail was measured using
the method described above. Reflectance spectra and a photograph
of the dorsal part of the tail in these lizards are shown in Fig. 1G
and H for illustrative purposes only.

2.3. Pigment determination and quantification

As the pigment producing red coloration in A. erythrurus was un-
known, we determined whether carotenoids, pterins or both were
involved. Firstly, about 0.5 cm2 of red skin was removed from the
ventral area of a juvenile's tail and ground in a mixer mill in 3%
NH4OH. We transferred the ground material and solvent to a fresh
tube, and added tert-butyl methyl ether (TBME) to partition caroten-
oids from pterins (Steffen and McGraw, 2007). The upper phase
(TBME) and the lower phase (NH4OH) were separated and analyzed
by absorbance spectrophotometry in the 200–500 nm range. No ca-
rotenoid signal was apparent in the TBME phase, whereas a peak
was detected around 350 nm in the ammonium phase, consistent
with the presence of a (still unidentified) pterin. Secondly, we com-
pared a juvenile red skin sample to a sample of fresh red Drosophila
melanogaster eyes, which are known to contain drosopterins (Wilson
and Jacobson, 1977). About one hundred wild-type Drosophila flies
were euthanized by deep freezing and their eyes were removed manu-
ally using two pins under a stereomicroscope. We extracted both the
lizard and Drosophila samples using Ethanol— 3% NH3. The comparison
was done using thin-layer chromatography (silica gel C-18) with a
solvent system consisting of 1:1 isopropanol — 2% ammonium acetate.
For both samples, matching lower spots were red-orange in color
under UV light and were ascribed to a drosopterin. Later spectrophoto-
metric analysis of the extracts showed a peak at 490 nm, again typical of
drosopterins. The chromatographic techniques used here are described
in more detail elsewhere (Negro et al., 2009).

When the nature of the red pigment had been determined, we
estimated its concentrations in the samples (n= 30) by HPLC analy-
sis at the Chemical Ecology Laboratory of Doñana Biological Station
(EBD-CSIC; Seville, Spain) using a Waters 2695 separations module
(Waters Corporation, Milford, MA, USA). In tail samples (5–7-mm-
long cylinders), we separated the skin from the muscle, and then the
red (or white) ventral skin from the dark dorsal skin. Every portion
was weighed to the nearest 0.01 mg, treated with 750 μl of 1% NH3,
and sonicated until the skin became colorless. We then centrifuged
the solvent at 13,000 rpm for 5min, and kept 150 μl in a HPLC vial. Pter-
in was also extracted from dorsal dark skin andmuscle of eight individ-
uals (seven juveniles and one adult female) chosen randomly among
the available samples. We analyzed pterin using a reversed-phase C18
column (Sunfire C18, Waters Corporation, Milford, MA, USA) and a
precolumn of the same material with 5-μm particle size (Fukushima
and Nixon, 1979). The eluent system was a gradient from CH3COONH4

(10 mM)–MeOH (97:3) to CH3COONH4 (10 mM)–MeOH (83.5:16.5),
with a flow rate of 0.5 ml/min for 40 min. Injection volume was 30 μl.
Data were acquired between 195 nm and 650 nm with a PDA 2998
multi-wavelength detector (Waters Corporation, Milford, MA, USA).
Two peakswere found. The onewe assumed to be drosopterin had a re-
tention time of 20min and maximum absorbance at around 490 nm. In
fact, it was composed of several peaks very close to each other corre-
sponding to different components of the drosopterin family (Kim
et al., 2013). We integrated all these peaks together and considered
them a single peak for calculation of pigment concentration. The second
peakwas located at 340 nmand could not be identified (it was not pres-
ent in our pigment library), but pterins or any other pigment providing
color can be excluded based on its retention time in the HPLC system
and its absorption spectrum. We calculated pterin concentration from
the HPLC area under the 490 nm peak, considering the mass of the
skin or muscle (in mg) used for pigment extraction. HPLC areas were
relative values with no specific units and, consequently, pterin concen-
trations were also relative values without units.

2.4. Statistical analyses

Ventral pigment concentration was Box-Cox transformed
((variable + 3000)0.3) to achieve normality, but the three color pa-
rameters followed a normal distribution without transformation
(Kolmogorov–Smirnov test for normality, p N 0.10).We tested the re-
lationships between color parameters and ventral pigment concentra-
tion using linear regressions. These relationships were tested for all 30
lizards (three tests, one for each color parameter) and also for the sub-
sample of juvenile lizards (n=19; other three tests). We tested the re-
lationships including dorsal or muscle pigment concentrations using
Spearman rank-order correlations (non-parametric statistics) because
of small sample size (n = 8). The relationships between color parame-
ters and ventral pigment concentration were also tested including
exclusively the subsample of individuals with information for dorsal
pigment concentration (n = 8) and using Spearman rank-order cor-
relations. We used the Wilcoxon matched-pairs test to compare pig-
ment concentration between ventral and dorsal tail skin. All non-
parametric statistics were performed on raw data. Some samples (see
Supplemental Table 1) contained such small amounts of pigment that
concentrations might not be reliable. Therefore, we repeated the
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statistical analyses setting pigment concentrations in all these cases
to zero, but results were qualitatively identical (see Supplemental
Table 2). In this study we performed multiple statistical tests, and
it is well known that the risk of incurring Type I error increases
with the number of tests performed. To alleviate this problem, we
used sequential Bonferroni correction (Rice, 1989), but with a 10%
level of significance to decrease the risk of incurring Type II error
(Chandler, 1995). The number of tests included in the correction
was k = 9 (3 color parameters × 3 tail parts). In order to check the
robustness of the results, most tests were repeated with different
Fig. 2. Linear regressions between color parameters and pigment concentration in ventral tail sk
30 lizards (brightness: y = 17544−358 x, r2 = 0.787; red chroma: y= 0.0829+ 0.0104 x, r2 =
(D) Brightness, (E) red chroma and (F) hue for juvenile lizards only (brightness: y=14724−27
r2 = 0.613; F1,17 ≥ 26.96, p b 0.0001 in the three tests). All six tests are statistically significant a
trations are relative values without units (see Pigment determination and quantification).
subsamples (e.g. including juveniles only) or with different values
(e.g. setting very small pigment concentrations to zero), but these
repetitions cannot be considered multiple testing. All statistical
tests were two-tailed.

3. Results

We were able to demonstrate, using different techniques (spec-
trophotometry, thin-layer chromatography and HPLC), that caroten-
oids were absent in ventral tail skin of a juvenile A. erythrurus, and
in of Acanthodactylus erythrurus lizards. (A) Brightness, (B) red chroma and (C) hue for all
0.894; hue: y = 562.50 + 1.77 x, r2 = 0.304; F1,28 ≥ 12.22, p ≤ 0.0016 in the three tests).

6 x, r2=0.672; red chroma: y=0.0352+0.0118 x, r2=0.831; hue: y=549.81+2.13 x,
fter sequential Bonferroni correction (see Statistical analyses for details). Pigment concen-
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that the apparent red color was due to pterins, specifically drosopterin,
as found by comparison with Drosophila flies.

Pigment concentration in ventral tail skinwas significantly related to
the three color parameters (Fig. 2). Specifically, higher pigment concen-
tration resulted in a darker, more red-saturated, redder (less orange)
color. Unexpectedly, pigment concentrations in ventral and dorsal tail
skin were positively related (Table 1), although it was higher in ventral
skin (z=2.38, n=8, p=0.017). As a result, ventral colorationwas sig-
nificantly related to pigment concentration in dorsal tail skin (Table 1).
Muscle pigment concentration was very low or completely absent, and
unrelated to dorsal or ventral pigment concentrations or to ventral col-
oration (Table 1).

4. Discussion

In contrast to carotenoids, pterins are not obtained directly through
the diet but synthesized from guanosine triphosphate within the cells
via a cyclohydrolase enzyme reaction (Ziegler, 1965; Nichol et al.,
1985). Very little is known about the physiological effects of pterins
in vivo, but they seem to be involved in oxidative processes (McGraw,
2005), both as free-radical scavengers and free-radical promoters,
depending on particular conditions (Oettl and Reibnegger, 2002). The
net effect of these antagonistic functions on organisms has not been
well studied. Some pterins, such as neopterin, are released frommacro-
phages during activation of the immune system (Huber et al., 1984),
possibly to protect immune cells from oxidative damage (Gieseg et al.,
2001). Interestingly, a neopterin-like compound (dihydroneopterin tri-
phosphate) is a precursor of drosopterin (Dorsett et al., 1979; Dorsett
and Jacobson, 1982), the pterin responsible for orange/red coloration
in A. erythrurus. The specific physiological functions of drosopterin
have never been studied.

Orange/red coloration in A. erythrurus has different functions at dif-
ferent age classes (Fresnillo, 2014). In hatchlings, it is an antipredatory
mechanism, diverting predator attacks from vital body parts to the
autotomizable tail (Fresnillo et al., 2015b). In juveniles, it is an intraspe-
cific communication signal which reduces aggression from conspecific
adults (Fresnillo et al., 2015a). In adult females, it is associated with
their reproductive cycle and probably functions as a sexual ornament
(Belliure, Cuervo and Fresnillo, unpublished results). Using orange/red
coloration to signal phenotypic condition would be useful to adult fe-
males looking for sexual partners, but its usefulness is not so obvious
in juveniles, because A. erythrurus does not exhibit parental care. Possi-
ble competition among juveniles for social status or for resources has
never been investigated in this species.

Ventral tail coloration in A. erythrurus reflected pterin concentration
in ventral tail skin fairly closely, with more pigmented individuals show-
ing darker, redder color. This suggests that pterins in chromatophores are
Table 1
Spearman correlations between ventral, dorsal, and muscle tail pigment concentrations
and ventral tail brightness, red chroma and hue in a subsample of eight Acanthodactylus
erythrurus lizards.

Ventral pigment
concentration

Dorsal pigment
concentration

Muscle pigment
concentration

Ventral brightness r = −0.905⁎⁎ r = −0.857⁎⁎ r = −0.265
Ventral red chroma r = 0.929⁎⁎⁎ r = 0.929⁎⁎⁎ r = 0.234
Ventral hue r = 0.886⁎⁎ r = 0.731⁎ r = 0.267
Muscle pigment
concentration

r = 0.405 r = 0.094

Dorsal pigment
concentration

r = 0.786⁎

Correlations between pigment concentrations in different parts of the tail are also shown.
All p-values b 0.05 are statistically significant after sequential Bonferroni correction except
the relationship between ventral hue and dorsal pigment concentration (see Statistical
analyses for details).
⁎ p b 0.05.
⁎⁎ p b 0.01.
⁎⁎⁎ p b 0.001.
arranged in such a way that they are visible, at least in the ventral part of
the tail, with no or little interference from structural elements. These
relationships, and the fact that carotenoids were not found in ventral
tail skin, also suggest that pterins are the only pigments responsible for
orange/red coloration in this species, which, in turn, might favor the
visibility of the pterins. Studies of the relationship between colora-
tion and pterin concentration in other vertebrate species with orange/
red-colored skin have provided mixed results, possibly because all
these other species also have carotenoids (Grether et al., 2005;
Clotfelter et al., 2007; Steffen and McGraw, 2009; Weiss et al., 2012).
In some species of lizards, the ratio between pterin concentrations in
colored and non-colored skin areas is significantly related to coloration,
although pterin concentration itself is onlymarginally positively related
to coloration (Weiss et al., 2012). In other lizard species chroma, but not
brightness, is significantly related to pterin concentration (Steffen and
McGraw, 2009). In some species of fish, redness is negatively related
to pterin concentration, not positively (Clotfelter et al., 2007), while in
others the relationships are complex and heavily dependent on carot-
enoid concentration (Grether et al., 2005). Obviously, other factors
such as integumentary nanostructure and/or other types of pigments
might have contributed to modulate color expression (Steffen and
McGraw, 2009; Weiss et al., 2012).

Pterin concentration was higher in the ventral than in the dorsal tail
skin, but both concentrations were positively correlated, giving rise
to an association between dorsal pterin concentration and ventral
coloration. Dorsal tail color was not quantified in this study, but
other studies in the same species suggest that ventral and dorsal tail
colors (specifically red chroma) are positively correlated, at least in juve-
niles (Fresnillo, Belliure and Cuervo, unpublished results). One possible
explanation for the presence of pterins in dorsal tail skin is that pterins
accumulate in the skin of the whole tail, even if only needed in the ven-
tral part. Some dorsal skin characteristics, such as its nanostructure, the
distribution of pterins within chromatophores, the shape and size of
chromatophores or the presence of other pigments (e.g. melanin),
might cover the pterins, making dorsal parts less conspicuously colored.
If this is the case, pterin concealment might be an adaptation reducing
detectability by predators. Pigment accumulation seemed to be restrict-
ed to the skin, because tail muscular tissue lacked pterins or showed
very low concentration. In any case, dorsal pterin concentration was
calculated in a small number of individuals (n=8), so results regarding
the dorsal part of the tail should be considered with caution. Moreover,
dorsal tail coloration was not quantified, which is a limitation of the
study. Therefore, further studies with larger sample size and with spec-
trophotometric measurements of dorsal tail skin in individuals for
which pigment concentration is determined are needed to confirm
our preliminary findings.

In this study, we found that skin coloration reflected pigment con-
centration for a pterin-based orange/red- or white-colored body part
in a lizard species. Moreover, according to our preliminary results on
dorsal tail skin, we can speculate about a scenario in which the need
to color a skin patch increases pigment concentration not only in that
patch, but also in other body parts. However, the relationship between
skin coloration and pigment concentration differs depending on the
body part considered. In someparts (e.g. ventral tail), skin coloration ac-
curately reflects pterin concentration and might have a signaling func-
tion, but in others (e.g. dorsal tail), despite also presenting pterins,
skin coloration is modified by other skin characteristics, possibly as an
anti-predatory mechanism. Future studies with appropriate sample
size and methodology (measuring also dorsal tail coloration) will have
to confirm this hypothetical scenario.

Acknowledgments

Paco Molina helped with color measurements. Pigment identification
and HPLC determinations were carried out by Juan Canales. Jocelyn
Hudonprovided very helpful advice onpterin isolation and identification.



23J.J. Cuervo et al. / Comparative Biochemistry and Physiology, Part B 193 (2016) 17–24
Belén Fresnillo provided spectrophotometric measurements and a
picture of the dorsal part of the tail. Deborah Fuldauer revised En-
glish language usage. We are grateful to anonymous reviewers for
their helpful comments on the manuscript. Permission to capture
A. erythrurus lizards and to collect tail samples was provided by the
Directorate General for Environmental Management, Ministry of the En-
vironment, Andalusian Regional Government (Ref. SGYB-AFR-CMM).
Permission to capture A. erythrurus lizards in Cabo de Gata-Níjar Natural
Parkwas provided by the Almería Provincial Office of theMinistry of the
Environment, Andalusian Regional Government (Ref. PNCG-RMC).
Laboratory procedures on lizards were approved by the committee of
the Finca Experimental La Hoya (EEZA-CSIC). This study was funded
by the Spanish National Research, Development and Innovation Plan
and the European Regional Development Fund (grant numbers
CGL2008-00137 and CGL2012-38262).

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.cbpb.2015.11.011.

References

Alvarez, F., 1993. Alertness signaling in two rail species. Anim. Behav. 46, 1229–1231.
Bagnara, J.T., Matsumoto, J., 2007. Comparative anatomy and physiology of pigment cells

in nonmammalian tissues. In: Nordlund, J.J., Boissy, R.E., Hearing, V.J., King, R.A.,
Oetting, W.S., Ortonne, J.-P. (Eds.), The Pigmentary System: Physiology and Patho-
physiology, 2nd ed. Blackwell Publishing, Oxford, UK, pp. 11–59.

Belliure, J., 2009. Lagartija colirroja — Acanthodactylus erythrurus. In: Salvador, A., Marco,
A. (Eds.), Enciclopedia Virtual de los Vertebrados Españoles. Museo Nacional de
Ciencias Naturales, Madrid, Spain (http://www.vertebradosibericos.org/).

Bleiweiss, R., 2014. Physical alignments between plumage carotenoid spectra and cone
sensitivities in ultraviolet-sensitive (UVS) birds (Passerida: Passeriformes). Evol.
Biol. 41, 404–424.

Blount, J.D., McGraw, K.J., 2008. Signal functions of carotenoid colouration. In: Britton, G.,
Liaaen-Jensen, S., Pfander, H. (Eds.), Carotenoids, Natural Functions 4. Birkhäuser
Verlag, Basel, Switzerland, pp. 213–236.

Britton, G., 1998. Overview of carotenoid biosynthesis. In: Britton, G., Liaaen-Jensen, S.,
Pfander, H. (Eds.), Carotenoids, Biosynthesis and Metabolism 3. Birkhäuser Verlag,
Basel, Switzerland, pp. 13–147.

Brown, G.M., 1985. Biosynthesis of pterins. In: Blakley, R.L., Benkovic, S.J. (Eds.), Folates
and Pterins, Chemistry and Biochemistry of Pterins 2. John Wiley and Sons, New
York, NY, pp. 115–154.

Carretero, M.A., Llorente, G.A., 1993. Morphometry in a community of Mediterranean
lacertid lizards, and its ecological relationships. Hist. Animalium 2, 77–99.

Chandler, C.R., 1995. Practical considerations in the use of simultaneous inference for
multiple tests. Anim. Behav. 49, 524–527.

Clotfelter, E.D., Ardia, D.R., McGraw, K.J., 2007. Red fish, blue fish: trade-offs between pig-
mentation and immunity in Betta splendens. Behav. Ecol. 18, 1139–1145.

Cott, H.B., 1940. Adaptive Coloration in Animals. 2nd ed. Methuen, London, UK.
Cuervo, J.J., Belliure, J., 2013. Exploring the function of red colouration in female spiny-

footed lizards (Acanthodactylus erythrurus): patterns of seasonal colour change. Am-
phibia-Reptilia 34, 525–538.

de Ayala, R.M., Saino, N., Møller, A.P., Anselmi, C., 2007. Mouth coloration of nestlings
covaries with offspring quality and influences parental feeding behavior. Behav.
Ecol. 18, 526–534.

Deere, K.A., Grether, G.F., Sun, A., Sinsheimer, J.S., 2012. Female mate preference explains
countergradient variation in the sexual coloration of guppies (Poecilia reticulata).
Proc. R. Soc. B 279, 1684–1690.

del Cerro, S., Merino, S., Martínez-de la Puente, J., Lobato, E., Ruiz-de-Castañeda, R., Rivero-
de Aguilar, J., Martínez, J., Morales, J., Tomás, G., Moreno, J., 2010. Carotenoid-based
plumage colouration is associated with blood parasite richness and stress protein
levels in blue tits (Cyanistes caeruleus). Oecologia 162, 825–835.

Dorsett, D., Jacobson, K.B., 1982. Purification and biosynthesis of quench spot, a
drosopterin precursor in Drosophila melanogaster. Biochemistry 21, 1238–1243.

Dorsett, D., Yim, J.J., Jacobson, K.B., 1979. Biosynthesis of “drosopterins” by an enzyme-
system from Drosophila melanogaster. Biochemistry 18, 2596–2600.

Fox, D.L., 1976. Animal Biochromes and Structural Colors: Physical, Chemical, Distribu-
tional and Physiological Features of Colored Bodies in the Animal World, 2nd ed. Uni-
versity of California Press, Berkeley, CA.

Fresnillo, B., 2014. The function of red colouration in the spiny-footed lizard
(Acanthodactylus erythrurus, Schinz 1833) (Ph.D. dissertation) University of Alcalá,
Alcalá de Henares, Spain.

Fresnillo, B., Belliure, J., Cuervo, J.J., 2015a. Red coloration in juvenile spiny-footed lizards
(Acanthodactylus erythrurus) reduces adult aggression. Anim. Behav. 102, 59–67.

Fresnillo, B., Belliure, J., Cuervo, J.J., 2015b. Red tails are effective decoys for avian preda-
tors. Evol. Ecol. 29, 123–135.

Fukushima, T., Nixon, J.C., 1979. Reverse-phase high-performance liquid chromatographic
separation of unconjugated pterins and pteridines. In: Kisliuk, R.L., Brown, G.M.
(Eds.), Chemistry and Biology of Pteridines. Elsevier/North-Holland, New York, NY,
pp. 35–36.

Galván, I., Erritzøe, J., Wakamatsu, K., Møller, A.P., 2012. High prevalence of cataracts in
birds with pheomelanin-based colouration. Comp. Biochem. Physiol. A 162, 259–264.

Garner, S.R., Neff, B.D., Bernards, M.A., 2010. Dietary carotenoid levels affect carotenoid
and retinoid allocation in female Chinook salmon Oncorhynchus tshawytscha. J. Fish
Biol. 76, 1474–1490.

Gieseg, S.P., Whybrow, J., Glubb, D., Rait, C., 2001. Protection of U937 cells from free rad-
ical damage by the macrophage synthesized antioxidant 7,8-dihydroneopterin. Free
Radic. Res. 35, 311–318.

Goodwin, T.W., 1984. The Biochemistry of the Carotenoids, 2nd ed. Animals vol. II.
Chapman and Hall, London, UK.

Grafen, A., 1990. Biological signals as handicaps. J. Theor. Biol. 144, 517–546.
Grether, G.F., Kolluru, G.R., Nersissian, K., 2004. Individual colour patches as multicompo-

nent signals. Biol. Rev. 79, 583–610.
Grether, G.F., Cummings, M.E., Hudon, J., 2005. Countergradient variation in the sexual

coloration of guppies (Poecilia reticulata): drosopterin synthesis balances carotenoid
availability. Evolution 59, 175–188.

Hamilton, D.G., Whiting, M.J., Pryke, S.R., 2013. Fiery frills: carotenoid-based coloration
predicts contest success in frillneck lizards. Behav. Ecol. 24, 1138–1149.

Hanlon, R.T., Maxwell, M.R., Shashar, N., Loew, E.R., Boyle, K.L., 1999. An ethogram of body
patterning behavior in the biomedically and commercially valuable squid Loligo
pealei off Cape Cod, Massachusetts. Biol. Bull. 197, 49–62.

Huber, C., Batchelor, J.R., Fuchs, D., Hausen, A., Lang, A., Niederwieser, D., Reibnegger, G.,
Swetly, P., Troppmair, J., Wachter, H., 1984. Immune response-associated production
of neopterin: release from macrophages primarily under control of interferon-
gamma. J. Exp. Med. 160, 310–316.

Johnson, J.D., Hill, G.E., 2013. Is carotenoid ornamentation linked to the inner mitochon-
dria membrane potential? A hypothesis for the maintenance of signal honesty.
Biochimie 95, 436–444.

Kim, H., Kim, K., Yim, J., 2013. Biosynthesis of drosopterins, the red eye pigments of
Drosophila melanogaster. IUBMB Life 65, 334–340.

Kinoshita, S., Yoshioka, S., Miyazaki, J., 2008. Physics of structural colors. Rep. Prog. Phys.
71, 076401.

Kwiatkowski, M.A., 2003. Variation in conspicuousness among populations of an iguanid
lizard, Sauromalus obesus (=ater). Copeia 2003, 481–492.

Lessells, C.M., Boag, P.T., 1987. Unrepeatable repeatabilities: a common mistake. Auk 104,
116–121.

Logan, D.W., Burn, S.F., Jackson, I.J., 2006. Regulation of pigmentation in zebrafish melano-
phores. Pigment Cell Res. 19, 206–213.

Macedonia, J.M., James, S., Wittle, L.W., Clark, D.L., 2000. Skin pigments and coloration in
the Jamaican radiation of Anolis lizards. J. Herpetol. 34, 99–109.

McGraw, K.J., 2005. The antioxidant function of many animal pigments: are there consis-
tent health benefits of sexually selected colourants? Anim. Behav. 69, 757–764.

McGraw, K.J., 2006. Mechanics of uncommon colors in birds: pterins, porphyrins, and
psittacofulvins. In: Hill, G.E., McGraw, K.J. (Eds.), Bird Coloration, Mechanisms and
Measurements vol. I. Harvard University Press, Cambridge, MA, pp. 354–398.

McGraw, K.J., Wakamatsu, K., Ito, S., Nolan, P.M., Jouventin, P., Dobson, F.S., Austic, R.E.,
Safran, R.J., Siefferman, L.M., Hill, G.E., Parker, R.S., 2004. You can't judge a pigment
by its color: carotenoid and melanin content of yellow and brown feathers in
swallows, bluebirds, penguins, and domestic chickens. Condor 106, 390–395.

McGraw, K.J., Safran, R.J., Wakamatsu, K., 2005. How feather colour reflects its melanin
content. Funct. Ecol. 19, 816–821.

Messenger, J.B., 2001. Cephalopod chromatophores: neurobiology and natural history.
Biol. Rev. 76, 473–528.

Montgomerie, R., 2006. Analyzing colors. In: Hill, G.E., McGraw, K.J. (Eds.), Bird Coloration,
Mechanisms and Measurements vol. I. Harvard University Press, Cambridge, MA,
pp. 90–147.

Morrison, R.L., Rand, M.S., Frost-Mason, S.K., 1995. Cellular basis of color differences in
threemorphs of the lizard Sceloporus undulatus erythrocheilus. Copeia 1995, 397–408.

Mougeot, F., Martínez-Padilla, J., Blount, J.D., Pérez-Rodríguez, L., Webster, L.M.I., Piertney,
S.B., 2010. Oxidative stress and the effect of parasites on a carotenoid-based orna-
ment. J. Exp. Biol. 213, 400–407.

Negro, J.J., Bortolotti, G.R., Mateo, R., García, I.M., 2009. Porphyrins and pheomelanins con-
tribute to the reddish juvenal plumage of black-shouldered kites. Comp. Biochem.
Physiol. B 153, 296–299.

Nichol, C.A., Smith, G.K., Duch, D.S., 1985. Biosynthesis and metabolism of
tetrahydrobiopterin and molybdopterin. Annu. Rev. Biochem. 54, 729–764.

Oettl, K., Reibnegger, G., 2002. Pteridine derivatives as modulators of oxidative stress.
Curr. Drug Metab. 3, 203–209.

Oliphant, L.W., 1988. Cytology and pigments of non-melanophore chromatophores in the
avian iris. In: Bagnara, J.T. (Ed.), Advances in Pigment Cell Research. Alan R. Liss, New
York, NY, pp. 65–82.

Ortiz, E., Maldonado, A.A., 1966. Pteridine accumulation in lizards of the genus Anolis.
Caribb. J. Sci. 6, 9–13.

Ortiz, E., Throckmorton, L., Williams-Ashman, H.G., 1962. Drosopterins in throat-fans of
some Puerto Rican lizards. Nature 196, 595–596.

Ortiz, E., Bächli, E., Price, D., Williams-Ashman, H.G., 1963. Red pteridine pigments in the
dewlaps of some anoles. Physiol. Zool. 36, 97–103.

Pitcher, T.E., Rodd, F.H., Rowe, L., 2007. Sexual colouration and sperm traits in guppies.
J. Fish Biol. 70, 165–177.

Rice, W.R., 1989. Analyzing tables of statistical tests. Evolution 43, 223–225.
Ritzman, T.B., Stroik, L.K., Julik, E., Hutchins, E.D., Lasku, E., Denardo, D.F., Wilson-

Rawls, J., Rawls, J.A., Kusumi, K., Fisher, R.E., 2012. The gross anatomy of the orig-
inal and regenerated tail in the green anole (Anolis carolinensis). Anat. Rec. 295,
1596–1608.

http://dx.doi.org/10.1016/j.cbpb.2015.11.011
http://dx.doi.org/10.1016/j.cbpb.2015.11.011
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0005
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0010
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0010
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0010
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0010
http://www.vertebradosibericos.org/
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0015
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0015
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0015
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0020
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0020
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0020
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0025
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0025
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0025
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0030
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0030
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0030
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0035
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0035
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0040
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0040
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0045
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0045
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0050
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0055
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0055
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0055
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0060
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0060
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0060
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0065
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0065
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0065
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0070
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0070
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0070
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0075
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0075
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0080
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0080
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0085
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0085
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0085
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0090
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0090
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0090
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0095
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0095
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0100
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0100
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0105
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0105
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0105
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0105
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0110
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0110
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0115
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0115
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0115
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0120
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0120
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0120
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0390
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0390
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0130
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0140
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0140
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0135
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0135
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0135
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0145
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0145
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0150
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0150
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0150
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0155
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0155
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0155
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0160
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0160
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0160
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0165
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0165
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0170
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0170
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0175
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0175
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0180
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0180
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0185
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0185
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0190
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0190
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0195
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0195
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0200
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0200
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0200
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0210
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0210
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0210
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0205
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0205
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0215
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0215
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0220
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0220
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0220
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0225
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0225
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0230
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0230
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0235
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0235
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0235
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0240
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0240
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0245
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0245
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0250
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0250
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0250
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0260
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0260
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0265
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0265
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0255
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0255
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0270
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0270
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0275
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0280
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0280
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0280


24 J.J. Cuervo et al. / Comparative Biochemistry and Physiology, Part B 193 (2016) 17–24
Roulin, A., Mafli, A., Wakamatsu, K., 2013. Reptiles produce pheomelanin: evidence in the
Eastern Hermann's tortoise (Eurotestudo boettgeri). J. Herpetol. 47, 258–261.

Saks, L., McGraw, K., Hõrak, P., 2003. How feather colour reflects its carotenoid content.
Funct. Ecol. 17, 555–561.

San-Jose, L.M., Granado-Lorencio, F., Sinervo, B., Fitze, P.S., 2013. Iridophores and not ca-
rotenoids account for chromatic variation of carotenoid-based coloration in common
lizards (Lacerta vivipara). Am. Nat. 181, 396–409.

Senar, J.C., 2006. Color displays as intrasexual signals of aggression and dominance. In:
Hill, G.E., McGraw, K.J. (Eds.), Bird Coloration, Function and Evolution vol. II. Harvard
University Press, Cambridge, MA, pp. 87–136.

Seva Román, E., 1982. Taxocenosis de Lacértidos en un Arenal Costero Alicantino (Ph.D.
dissertation) University of Alicante, Alicante, Spain.

Slominski, A., Tobin, D.J., Shibahara, S., Wortsman, J., 2004. Melanin pigmentation in
mammalian skin and its hormonal regulation. Physiol. Rev. 84, 1155–1228.

Steffen, J.E., McGraw, K.J., 2007. Contributions of pterin and carotenoid pigments to dew-
lap coloration in two anole species. Comp. Biochem. Physiol. B 146, 42–46.

Steffen, J.E., McGraw, K.J., 2009. How dewlap color reflects its carotenoid and pterin con-
tent inmale and female brown anoles (Norops sagrei). Comp. Biochem. Physiol. B 154,
334–340.

Stevens, M., 2007. Predator perception and the interrelation between different forms of
protective coloration. Proc. R. Soc. B 274, 1457–1464.

Stuart-Fox, D.M., Moussalli, A., Marshall, N.J., Owens, I.P.F., 2003. Conspicuousmales suffer
higher predation risk: visual modelling and experimental evidence from lizards.
Anim. Behav. 66, 541–550.
Teyssier, J., Saenko, S.V., van der Marel, D., Milinkovitch, M.C., 2015. Photonic crystals
cause active colour change in chameleons. Nat. Commun. 6, 6368.

Toral, G.M., Figuerola, J., Negro, J.J., 2008. Multiple ways to become red: pigment identifi-
cation in red feathers using spectrometry. Comp. Biochem. Physiol. B 150, 147–152.

Van Buskirk, J., Aschwanden, J., Buckelmüller, I., Reolon, S., Rüttiman, S., 2004. Bold tail
coloration protects tadpoles from dragonfly strikes. Copeia 2004, 599–602.

VanderWerf, E.A., Freed, L.A., 2003. 'Elepaio subadult plumages reduce aggression
through graded status-signaling, not mimicry. J. Field Ornithol. 74, 406–415.

Wang, Z., Pascual-Anaya, J., Zadissa, A., Li, W., Niimura, Y., Huang, Z., Li, C., White, S., Xiong,
Z., Fang, D., Wang, B., Ming, Y., Chen, Y., Zheng, Y., Kuraku, S., Pignatelli, M., Herrero, J.,
Beal, K., Nozawa, M., Li, Q., Wang, J., Zhang, H., Yu, L., Shigenobu, S., Wang, J., Liu, J.,
Flicek, P., Searle, S., Wang, J., Kuratani, S., Yin, Y., Aken, B., Zhang, G., Irie, N., 2013.
The draft genomes of soft-shell turtle and green sea turtle yield insights into the de-
velopment and evolution of the turtle-specific body plan. Nat. Genet. 45, 701–706.

Weiss, S.L., 2006. Female-specific color is a signal of quality in the striped plateau lizard
(Sceloporus virgatus). Behav. Ecol. 17, 726–732.

Weiss, S.L., Foerster, K., Hudon, J., 2012. Pteridine, not carotenoid, pigments underlie the
female-specific orange ornament of striped plateau lizards (Sceloporus virgatus).
Comp. Biochem. Physiol. B 161, 117–123.

Wilson, T.G., Jacobson, K.B., 1977. Isolation and characterization of pteridines from heads
of Drosophila melanogaster by a modified thin-layer chromatography procedure.
Biochem. Genet. 15, 307–319.

Zahavi, A., 1975. Mate selection — a selection for a handicap. J. Theor. Biol. 53, 205–214.
Ziegler, I., 1965. Pterine als wirkstoffe und pigmente. Ergeb. Physiol. 56, 1–66.

http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0285
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0285
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0290
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0290
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0295
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0295
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0295
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0300
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0300
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0300
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0305
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0305
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0310
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0310
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0315
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0315
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0320
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0320
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0320
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0325
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0325
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0330
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0330
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0330
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0335
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0335
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0340
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0340
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0345
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0345
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0350
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0350
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0355
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0355
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0360
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0360
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0365
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0365
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0365
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0370
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0370
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0370
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0375
http://refhub.elsevier.com/S1096-4959(15)00211-0/rf0380

	Coloration reflects skin pterin concentration in a red-�tailed lizard
	1. Introduction
	2. Materials and methods
	2.1. Field procedures
	2.2. Color measurement
	2.3. Pigment determination and quantification
	2.4. Statistical analyses

	3. Results
	4. Discussion
	Acknowledgments
	Appendix A. Supplementary data
	References


