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Introduction

Abstract

In the context of the immunocompetence handicap hypothesis, we explored how
differences in parasite load affect the way in which sexual ornaments codify infor-
mation about individual quality. We studied variation in sexual signals in two Ibe-
rian populations of the lizard Psammodromus algirus, a species in which sexually
active males display a red head coloration. In one population, males were free of
tick nymphs, whereas in the other one all males were tick-infested (mean of 12.7
tick nymphs/individual).At the onset of the breeding season, the red-coloured sur-
face was larger in the non-parasitized population than in the parasitized one,
whereas the opposite was true for colour saturation. We experimentally simulated a
bacterial infection (by intraperitoneal injection of lipopolysaccharide) to examine
the effects of immune activation on the expression of this sexual ornament. In the
non-parasitized population, our treatment caused a reduction in the red-coloured
surface of experimental males, whereas in the parasitized population it caused a
decrease in colour saturation. In the parasitized population, males that displayed
sexual coloration were larger, and had fewer parasites, than uncoloured ones, and
inflammatory response to lipopolysaccharide injection in the palm of the hind paw
was negatively correlated with colour saturation, but not with colour extension.
Thus, we suggest parasites not only constrained the expression of sexual orna-
ments, but they also changed the signal properties that conveyed useful information
about the quality of their bearers.

Previous research has supported the immunocompetence
handicap hypothesis in a wide variety of organisms and sig-

The handicap hypothesis was proposed by Zahavi (1975) to
explain the evolution and maintenance of costly sexual orna-
ments as honest signals of genetic quality. Since then, many
researchers have expanded good-gene models to show how
exaggerated sexual signals advertise overall heritable fitness
(Hill, 1991; Iwasa, Pomiankowski & Nee, 1991; Maynard-
Smith, 1991). The basic idea is that the development of sexual
ornaments may be involved in trade-offs with different aspects
of organismal performance such as predation risk (Giery &
Layman, 2015), locomotor efficiency (Mgller & Lope, 1994)
or immune system activation (Hamilton & Zuk, 1982), in such
way that only high quality individuals would be able to
express the ornaments without compromising their fitness.
Concerning the hypothesis that male ornaments are reliable sig-
nals of genetic resistance to parasites and diseases, testosterone
was subsequently proposed as a link between sexually selected
traits and associated immune costs: only immunocompetent
males would be able to increase their testosterone levels,
thereby deviating resources from immunity towards the produc-
tion of an attractive signal, while controlling their pathogen
load (Folstad & Karter, 1992).
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nals: tail length in barn swallows (Mgller, 1988), song rate of
starlings (Casagrande et al., 2015), chemical signals of burying
beetles (Chemnitz ez al., 2015) and rock lizards (Martin &
Lépez, 2014), or sexual coloration of fish (Milinski & Bakker,
1990), lizards (Salvador et al., 1996), or birds (Zuk, Thornhill
& David-Ligon, 1990; Blount et al., 2003). Most of these
studies are based either on correlational approaches showing
negative associations between immune system and ornamenta-
tion, or on experiments that manipulate either the intensity of
sexual ornaments or the activation of the immune system
(Mgller, 1988; Zuk et al., 1990; Salvador et al., 1996; Casa-
grande et al., 2015). However, few studies have taken advan-
tage of ecological differences among populations of the same
species to investigate the selective pressures that affect the
evolution of sexual ornaments (Endler & Houde, 1995; Giery
& Layman, 2015).

Here, we examine inter-population differences in sexual sig-
nals potentially mediated by parasite load. We test the hypoth-
esis that differences between a non-parasitized and a heavily
parasitized population can change the signal features that con-
vey useful information about immune quality. In our model
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organism, the lacertid lizard Psammodromus algirus, males dis-
play a red coloration in the head during the breeding season
whose degree of enlargement has been related to body size
(Diaz, 1993), testosterone levels (Diaz, Alonso-Gomez & Del-
gado, 1994; Salvador et al., 1996) and reproductive success
(Diaz, 1993; Martin & Forsman, 1999). We searched for
potentially correlated differences in parasite load and sexual
signals between two populations separated by a 600-m eleva-
tional gradient. At low-elevation, males were free of Ixodes sp.
tick nymphs, and they showed a more conspicuous sexual col-
oration. At high-elevation, parasite load was high, and sexual
coloration was less conspicuous. The reason why only high-
elevation lizards were parasitized, despite ticks being also pre-
sent at low-elevation, remains unknown, but it might be related
to differences in the availability of alternative intermediate
hosts (Casher et al., 2002). Both immunocompetence handicap
and the importance of parasitism by tick nymphs of the genus
Ixodes were previously shown in P. algirus by Salvador et al.
(1996), in an experiment in which testosterone-implanted males
increased the conspicuousness of the red coloration of the
head, but suffered a higher parasite load (associated with
higher mortality) than control males.

In this study, we elicited an immune response in male
lizards from both populations by intraperitoneal injection of a
bacterial lipopolysaccharide solution (hereafter LPS), which
simulates a bacterial infection. We aimed to unravel what par-
ticular traits of the sexual ornament could be employed as an
honest signal of immune quality in each population. We dis-
cuss our results in the light of the hypothesis that, if signaling
by means of the extension of colored area is limited by para-
sites, then other aspects of the ornament should be selected to
signal immune quality.

Materials and Methods

Study species and study areas

Psammodromus algirus (Linnaeus, 1758) is a medium-sized
(snout-vent length 60-90 mm; mass 6-16 g) lacertid lizard that
occupies shrub and woodland Mediterranean habitats. Males
display a reddish coloration on the head during the breeding
season (April-June; Veiga & Salvador, 2001), which ranges
from relatively inconspicuous and restricted to the posterior
supralabial or infralabial scales in subordinate lizards, to a bril-
liant patch on the sides of head, mental scutes and throat in
dominant, large individuals (Diaz, 1993).

Our first study area was located at ‘El Pardo’ (Spain:
40°31'N, 03°47'W; 650 m elevation). This site is a holm oak
(Quercus ilex L.) forest in which offshoots of Q. ilex dominate
the shrub layer together with open areas covered by annual
herbs. The second site was located at Navacerrada (Spain:
40°44' N, 4°00° W; 1300 m elevation), at a linear distance of
32 km from the first one. This area is a deciduous Pyrenean
oak (Quercus pyrenaica Willd.) forest with a high cover of
shrub patches. Lizards from both populations show no apparent
genetic differentiation (Diaz et al., 2017), but they differ in
phenotypic traits such as escape-tactics, sexual dimorphism,
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and life history (Iraeta er al., 2010, 2011; Iraeta, Salvador &
Diaz, 2013).

Collection and husbandry of animals

Sample size consists of 39 males from high elevation, captured
in 2014 and 2015, and 24 males from low elevation captured
in 2014. Lizards were transferred to the lab, measured (snout-
vent length [SVL], head length, head width, and average
length of hindlimbs), weighed (body mass), and individually
caged in terraria (40 x 60 cm and 30 cm high) in a room with
natural photoperiod. Heat was supplied by a spotlight bulb,
which created a thermal gradient allowing lizards to thermoreg-
ulate within their preferred temperature range. Food (crickets
Acheta domestica, sprinkled with a commercial diet supple-
ment) and water were supplied ad libitum.

Tick infestation

We used a database containing information on 157 adults of
both sexes captured in 2005 to analyse interpopulation, sea-
sonal and sexual variation in the prevalence and intensity of
infestation by nymph ticks (identified as Ixodes spp. by Sal-
vador et al., 1996). This database, which includes two sam-
pling periods, one in the early breeding season (March 30—
April 26) and the other one in the mid-late breeding season
(May 11-June 7), has already been used in previous studies
(Iraeta et al., 2006, 2011, 2013). However, tick data have not
been published before. Prevalence was defined as the percent-
age of individuals with at least one tick on their body surface,
and parasite intensity was defined as the number of ticks per
infested individual.

Immune system activation and measurement
of inflammatory response

In 2014, we performed an experiment to examine the effects
of immune system activation on the expression of sexual col-
oration at the peak (early May) and end (late June)of the
breeding season. Two subgroups (experimental and control)
were generated at random within each of the two populations.
Lizards in the experimental subgroups (N = 8 and 11 for high-
and low-elevation respectively) were intraperitoneally injected
a dose of 2.5 mg of LPS of Escherichia coli serotype O111:
B4, diluted in 0.05 ml saline solution per gram of body mass.
Control individuals (N = 6 and 8 for high- and low-elevation
respectively) were injected with the same volume of saline
solution. This procedure is similar to those previously
employed with other lizards (Uller, Isaksson & Olsson, 2006;
Loépez, Gabirot & Martin, 2009). Experimental and control
males did not differ significantly in coloured surface, colour
saturation, structural size, or physical condition, even after con-
trolling for the effects of population of origin or date of cap-
ture (all P’s > 0.12). To quantify the effects of immune
system activation on sexual coloration, we examined two digi-
tal images (see ‘Sexual coloration’ below) taken immediately
before and 2 weeks after injection of the antigen.
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In 2015, lizards were photographed upon arrival to the lab
to measure the colored surface and colour saturation, as
explained in the following section. We subsequently estimated
inflammatory response by subcutaneously injecting all males
with 0.1 mg of LPS diluted in 0.01 ml of serum in the palm
of the left hind paw (see Zamora-Camacho et al., 2014 for a
similar procedure). We used a caliper to measure the thickness
of the palm just before injection of LPS and four hours later,
that is, at the moment of the expected peak of immune system
activation. In 19 of 20 males, the thickness of the inoculated
palm increased 4 h after the subcutaneous administration of
LPS  (repeated measurements ANOVA: F; 9= 5272,
P < 0.001). Previous studies have shown that the thickness of
the inflammation is associated with the strength of the immune
response (Parmentier, De Vries Reilingh & Nieuwland, 1998;
Zamora-Camacho et al., 2014).

Sexual coloration

Coloration data were obtained from digital images of the ven-
tral view of the head, throat and neck of each male, with all
individuals immobilized in the same position. Pictures were
taken in a dark room with a table supplemented by two side
light sources at the same distance from the lizard and a holder
to fix the camera at a standardized position. Although this
method does not allow detecting ultraviolet components that
could be present in the sexual signal, we chose to obtain col-
oration data from digital images instead of performing live
measures with a spectrophotometer because of the lack of
repeatability of spectrophotometry in non-static surfaces and
the difficulties in characterizing irregularly distributed colour
patches (Stevens et al. 2007).

We used Adobe Photoshop CS6 for image processing (see
Fig. S1). We standardized the analysed area using the ‘mag-
netic lasso’ tool to delimit the surface comprised within the
lines defined by the snout and the posterior edges of the infral-
abial scutes. The extent of red coloured surface was measured
with the ‘magic wand’ tool (at 30% tolerance) after randomly
clicking at the middle of the red area. We subsequently used
the ‘similar’ option of the magic wand tool (at 30% tolerance)
to select all areas with similar RGB values, and we measured
coloured surface as the percentage of coloured pixels in the
analysed area. We calculated colour saturation of the coloured
surface, using the ratio R/(R+G+B), where R, G and B are the
red, green and blue channels of the graphics card; red satura-
tion is 100% if such ratio is equal to 1. Colour measurements
were taken blindly with respect to population of origin and
treatment.

Statistical analyses

We checked the assumptions of parametric tests and, when
necessary, we log- or arcsine-transformed the variables. We
analysed the 2014 data, using ANOVAs with the difference
between colour measurements before and 2 weeks after treat-
ment as the dependent variable, and treatment, population and
date as the categorical predictors. We used contrast analysis
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(i.e. planned comparisons) to test the significance of a pre-
dicted specific effect within our larger statistical design,
namely that males from both populations should differ in their
responses to LPS injection while controlling for the effects of
date (in other words, that the effects of the interaction between
treatment and population on colour variation should be
significant).

We estimated the structural size of each male by computing
its score on a Principal Component (hereafter PCsize) that
combined all size measurements (SVL, head length, head
width, and average hind limb length; retained vari-
ance = 0.785). Physical condition was estimated using the
residuals of the regression of log-body mass on log-SVL.

The effect of parasite load on the sexual colouration of high
elevation males was analysed, using a model selection
approach based on the Akaike information criterion. Because
12 of 20 males had no sexual coloration at all, we used a
logistic regression (generalized linear model with logit as the
link function) with presence or absence of sexual coloration as
the binomial response variable, and structural size, body condi-
tion, and parasite load as continuous predictors.

Finally, we employed a partial least squares regression
(PLS) to examine variation in the inflammatory response.
Extension of coloured surface, colour saturation, together with
parasite load and morphological traits (size and condition) were
used as predictors. All statistical analyses were executed with
the Statistica (StatSoft) software package.

Results

Tick infestation levels and associated
ecoimmunological scenarios

Tick nymphs were detected only on high-elevation lizards
(data from the 2005 sample: overall prevalence of 78.3% and
0.0% at high- and low-elevation, with 95% confidence inter-
vals of 67.6-86.3% and 0-6.1%, respectively; y* = 98.9,
d.f. =1, P <0.001). Parasite load was on average 7.9 nymphs
per infested individual. Prevalence increased during the breed-
ing season, from 62.8% in March—April to 95.0% in May—
June; 12 =12.7, df. = 1; P < 0.001). Parasite load was higher
for males than for females, particularly at the end of the breed-
ing season, when there was a dramatic increase in the mean
number of nymphs carried by males (Fig. 1). In 2015, on a
sample of 20 males captured in late June, tick prevalence was
of 100%, but load (8.2 mites/individual) was lower than in
May—June 2005. By the end of the breeding season, and pool-
ing together the 2005 and 2015 samples, overall parasite inten-
sity was 12.7 tick nymphs per high-elevation male (vs. no tick
nymphs at low elevation). Occasional visits between 2005 and
2015 confirmed that whereas low-elevation lizards never carry
tick nymphs, most lizards are parasitized at high elevation.

Inter-population differences

In May, the red coloured area was greater in males of the
non-parasitized population than in males of the parasitized
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Figure 1 Parasite load (mean number of ticks per infected lizard
+95% confidence interval) for male and female lizards of the
parasitized, high-elevation population at the beginning (March-April)
and end (May-June) of the breeding season.

one (Fy,3=5.63, P =0.029; non-parasitized, mean £+ SD
=35.1 &+ 20.8%; parasitized: 13.8 + 17.8%), whereas the

opposite was true for coloir saturation (F ;g = 6.58,
P =0.019;  non-parasitized: 54.5 £ 3.7%;  parasitized:
60.0 + 5.8%). Colour saturation of males of the non-

parasitized population increased along the breeding season,
rising from 54.5 £ 3.7% in early May to 61.4 &+ 4.8% in late
June (two-way ANOVA with date and population as factors;
date:  Fj39=9.15, P =0.004; population: F;39=3.82,
P = 0.058; interaction: Fj39 = 4.17, P = 0.048). The surface
of the coloured area did not vary significantly between May
and June in either population (F; 39 = 0.34, P = 0.561).

Experimental males of the non-parasitized population
responded to the intraperitoneal injection of LPS by reducing
the red-coloured surface on their heads, whereas experimental
males of the parasitized population did not show such response
(Fig. 2, planned comparison for the interaction between the
effects of treatment and population: F,s = 5.77, P = 0.024).
On the other hand, experimental males of the parasitized popu-
lation responded to LPS with a significant reduction in colour
saturation, whereas experimental males of the non-parasitized
population did not show such response (Fig. 2, planned com-
parison: F,s = 5.57, P = 0.026).

Parasite-mediated trade-offs in high-
elevation males

Our model selection approach with the 2015 data produced a
logistic regression (Table 1) in which the ability of males to
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express sexual coloration was predicted by structural size (log-
likelihood = —12.57, Xz =251, df. =1, P <0.001) and para-
site load  (log-likelihood = —4.84, 12 =97, df =1,
P = 0.002). Consistently, males that expressed sexual coloration
were larger than those that did not show head coloration (mean
SVL £ SD =734 + 2.6 mm and 68.2 4 3.1 mm, respec-
tively; Fy,3 = 15.11, P = 0.001). For a given structural size,
coloured males had less parasites (mean number of ticks
adjusted for body size £ SD: 1.6 + 2.5 ticks per individual)
than non-coloured ones (12.1 £ 7.7 ticks per individual;
ANCOVA: F; 7 =5.85, P =0.027), suggesting that parasite
load negatively affected the ability of lizards to display sexual
coloration.

The PLS regression analyzing coloured surface and colour
saturation as predictors of inflammation produced a single fac-
tor that explained 40.4% of the variance in swelling
(Fi15 = 1222, P =0.003; Fig. 3). Predictor weights showed
that physical condition and colour saturation, but not structural
size, parasite load or coloured surface, explained a significant
amount of variation in the inflammatory response induced by
the injection of LPS (Fig. 3). Thus, inflammatory response was
higher for males with a better body condition (simple correla-
tion: r = 0.535, d.f. =18, P = 0.015). Controlling for body
condition, the inflammatory response was negatively correlated
with colour saturation (partial correlation: r = —0.565,
d.f. =17, P =0.012), but not with coloured surface (partial
correlation: r = —0.128, d.f. = 17, P = 0.601).

Discussion

Our 2005 data showed that parasite load was higher for males
than for females, as it has been reported in other lizards
(Brace, Sheikali & Martin, 2015; Reedy ef al., 2016). Males
of P. algirus have larger home ranges than females, and larger
and more coloured males display greater activity to improve
their reproductive success (Diaz, 1993). As a consequence,
their probability of becoming infested with tick nymphs
should also be higher, what would lead to an increased para-
site load by the end of the breeding season. Higher parasite
loads in males than in females could be explained by the
effects of testosterone, which increases activity and compro-
mises immunocompetence (Folstad & Karter, 1992; Salvador
et al., 1996; Belliure, Smith & Sorci, 2004). Circulating
testosterone levels remain high until the end of the breeding
season, as spermatogenesis proceeds and sexual ornaments
enlarge (Diaz er al., 1994). All these processes reach a peak
between April and mid-June, when the area of sexual col-
oration is positively correlated with circulating testosterone
levels in lizards from the non-parasitized population (Diaz
et al., 1994). Also, tick nymph load reaches a maximum in
males of the parasitized population at the end of the breeding
season, especially if their testosterone levels are experimentally
increased (Salvador et al., 1996). Thus, the concomitant phe-
nology of tick nymph infestation and colour enlargement sup-
ports the trade-off between sexual ornamentation and parasite
load that has been described in these lizards (Salvador et al.,
1996) and other taxa (Malo et al., 2009; Pollock, Vredevoe &
Taylor, 2012).
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Figure 2 Differences between measurements of red-coloured surface (left) and red saturation (right) taken before (measurement 1) and
2 weeks after (measurement 2) treatment for males from the parasitized (El Pardo) and non-parasitized (Navacerrada) populations: mean values
of the difference measurement 2 — measurement 1 (+95% confidence interval). Control males (white bars) were injected with saline solution

whereas experimental males (gray bars) were injected with LPS.

Table 1 Model selection approach to predict the presence or
absence of sexual colouration in males of the parasitized population
(binomially distributed response variable) as a function of structural
size, physical condition, and parasite load

Log-likelihood

Variables in model AIC AAIC

Structural size - parasite load 6.27 - 24.65
Physical condition - structural 8.00 1.73 26.92

size - parasite load

Structural size 13.83 7.56 17.09
Physical condition - structural size ~ 15.67 9.40 17.25
Physical condition 30.37 24.10 0.55
Parasite load 30.50 24.23 0.42
Physical condition - parasite load 31.14  24.87 1.79

AIC, Akaike information criterion.

Within this context of ecoimmunological differences, our
experimental approach suggests that the colour trait that is
traded-off against immune system activation varies between
non-parasitized and parasitized populations. Our results support
this interpretation in two ways. Firstly, and foremost, in the
non-parasitized population experimental males responded to
LPS injection by reducing the extent of the red-coloured sur-
face, whereas in the parasitized population they reduced colour
saturation. Secondly, these results were consistent with inter-
population differences at the beginning of the breeding season,
when the effects of sexual signals on mating success should be
maximal. Thus, the features that were traded-off against the
immunological activation caused by LPS could be those
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employed as sexual signals in each population (Hamilton &
Zuk, 1982; Jacot et al., 2005).

How do parasites influence these different responses? The
sexual ornament was more conspicuous in low-elevation males,
with no parasites, than in parasitized, high-elevation ones,
which suggests that parasites limit the amount of resources
available for expressing a colour signal of a certain size
(Kekalainen, Pirhonen & Taskinen, 2014). This would explain
why lizards of the non-parasitized population employ coloured
surface as an honest signal of male quality. The signal is effec-
tive because, in the absence of tick nymphs, it has enough
inter-individual variation to remain informative, a necessary
condition for the evolution of costly ornaments (Delhey &
Peters, 2008). And it is honest because it is traded-off with
immune response, as demonstrated by its consistent decrease
in experimental males, which indicates that males may have
trouble maintaining a large coloured area and simultaneously
mounting an efficient immune response. The males that suc-
ceeded to produce a red-coloured sexual signal were larger
(i.e. they were older and/or had grown faster) than those that
did not display it; and, for a given body size, coloured males
had less parasites than uncoloured ones. This is what would be
expected if parasites led males to allocate to the immune sys-
tem part of the resources they would otherwise invest in sexual
coloration. This could also explain why colour saturation,
rather than colored surface, could be used to signal male qual-
ity (as suggested by the decrease in saturation found in LPS-
injected males but not in control ones).

Our reasoning is based on the assumption that, in the face
of a parasitic infection, it is more demanding to grow a larger
colored surface than to increase the saturation of a relatively
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smaller one. This assumption is consistent with the difference
in the average extension of coloured surface between males of
both populations (equivalent to a 2.5-fold increase), that was
larger than the same difference in saturation (equivalent to a
1.1-fold increase). Also, the effect of the LPS treatment was
higher for the extent of coloured area in the non-parasitized
population, which experienced a 1.9-fold decrease, than for
colour saturation in the parasitized one, which experienced a
1.1-fold decrease. Thus, we suggest that males express their
sexual coloration at the beginning of the breeding season as
much as they can, and subsequently increase the saturation of
the coloured surface. When released from parasite load, they
use coloured surface as a signal, and they eventually increase
colour saturation with the remaining resources, perhaps in the
face of new matings (second clutches are common at low-ele-
vation; Diaz er al., 2007). However, when lizards are chal-
lenged by parasites and fail to grow a large coloured surface,
as in the tick-infested population, they use saturation as the
main signaling trait from the beginning of the breeding season.
Thus, after controlling for the effects of body condition,
inflammatory response was negatively correlated with colour
saturation, suggesting that parasitized males had to trade-off
their already compromised resources between a more attractive
sexual ornament and a more effective immune response.
Finally, it should be stressed that, because our study com-
pares only two sites that differ in altitude, inferences drawn
from our results are, in a strict sense, restricted to the two sites
used. However, our two-sites comparison may be representa-
tive of altitudinal effects (tick-parasitized lizards are wide-
spread at montane oak forests, and very scarce at lowland
holm oak forests; authors, personal observation), and our
results may suggest general patterns that could be tested with
future work. Also, other ecological differences between sites,
such as habitat visibility (Endler & Houde, 1995), may have
contributed to shape sexual ornaments. For example, mean

distance between shrubs is larger, and cover of open areas is
higher, at lower elevation (Iraeta et al., 2010), and this may
have favoured colour surface, which can be perceived from a
longer distance, as a sexual signal. At high-elevation, however,
differences in red saturation would be effective only from a
short distance.

In summary, we suggest that parasites may constrain the
expression of sexual ornaments to the extent of regulating what
trait characteristics are most informative about individual qual-
ity. Thus, parasites like tick nymphs, independently of their
effects on individual survival (but see Salvador et al., 1996),
may have a significant impact on individual fitness by influ-
encing the expression of key sexual ornaments. Although our
work suggests that the colour features measured are reliable
signals of male quality, experimental approaches would be
needed to clarify the link between parasites and sexual selec-
tion (female preferences and competition among males). Fur-
thermore, we encourage future studies on other organisms in
which ecoimmunological differences might be affecting signal-
ing systems. Because parasite-host coevolution is widespread
in life, this approach could shed more light on the role of par-
asites as modulators of the phenotypic effects of sexual selec-
tion, including qualitative changes in the traits involved in
signaling systems.

Acknowledgements

Financial support was provided by the project CGL2013-
41642-P. Captures and observations were performed under
license from the Environmental Agency of Madrid Government
(“Consejeria del Medio Ambiente y Ordenacion del Territorio
de la Comunidad de Madrid”, Spain), which provided the
requested permissions. We thank Héctor for assistance in digi-
tal image processing and Maria, Héctor and Joaquin for their
help in capturing lizards.

Journal of Zoology ee (2017) ee—ee © 2017 The Zoological Society of London



A. Llanos-Garrido et al.

Conflict of interest

The authors declare that they have no conflict of interest.

Compliance with ethical standards

All applicable international, national and institutional guideli-
nes for the care and use of animals were followed. All proce-
dures performed in this study were in accordance with the
ethical standards of our institution (Universidad Complutense
de Madrid).

References

Belliure, J., Smith, L. & Sorci, G. (2004). Effect of testosterone
on T cell-mediated immunity in two species of mediterranean
lacertid lizards. J. Exp. Zool. 301, 411-418.

Blount, J.D., Metcalfe, N.B., Birkhead, T.R. & Surai, P.F.
(2003). Carotenoid modulation of immune function and sexual
attractiveness in zebra finches. Science 300, 125-127.

Brace, AJ., Sheikali, S. & Martin, L.B. (2015). Highway to the
danger zone: exposure-dependent costs of immunity in a
vertebrate ectotherm. Funct. Ecol. 29, 924-930.

Casagrande, S., Pinxten, R., Zaid, E. & Eens, M. (2015). Birds
receiving extra carotenoids keep singing during the sickness
phase induced by inflammation. Behav. Ecol. Sociobiol. 69,
1029-1037.

Casher, L., Lane, R., Barrett, R. & Eisen, L. (2002). Relative
importance of lizards and mammals as hosts for ixodid ticks
in northern California. Exp. Appl. Acarol. 26, 127-143.

Chemnitz, J., Jentschke, P.C., Ayasse, M. & Steiger, S. (2015).
Beyond species recognition: somatic state affects long-distance
sex pheromone communication. Proc. R. Soc. B 282, 224~
232.

Delhey, K. & Peters, A. (2008). Quantifying variability of avian
colours: are signalling traits more variable? PLoS ONE 3,
¢1689.

Diaz, J.A. (1993). Breeding coloration, mating oportunities,
activity and survival in the lacertid lizard Psammodromus
algirus. Can. J. Zool. 71, 1104-1110.

Diaz, J.A., Alonso-Gémez, A.L. & Delgado, M.J. (1994).
Seasonal variation of gonadal development, sexual steroids,
and lipid reserves in a population of the lizard
Psammodromus algirus. J. Herpetol. 28, 199-205.

Diaz, J.A., Pérez-Tris, J., Bauwens, D., Pérez-Aranda, D.,
Carbonell, R., Santos, T. & Telleria, J.L. (2007). Reproductive
performance of a lacertid lizard at the core and the periphery
of the species’ range. Biol. J. Linn. Soc. 92, 87-96.

Diaz, J.A., Verdu-Ricoy, J., Iraeta, P., Llanos-Garrido, A., Pérez-
Rodriguez, A. & Salvador, A. (2017). There is more to the
picture than meets the eye: adaptation for crypsis blurs
phylogeographical structure in a lizard. J. Biogeogr. 44, 397—
408.

Endler, J.A. & Houde, A.E. (1995). Geographic variation in
female preferences for male traits in Poecilia reticulata.
Evolution 49, 456-468.

Journal of Zoology ee (2017) ee—ee © 2017 The Zoological Society of London

Male lizard ornaments and parasite loads

Folstad, I. & Karter, A.J. (1992). Parasites, bright males, and the
immunocompetence handicap. Am. Nat. 139, 603-622.

Giery, S.T. & Layman, C.A. (2015). Interpopulation variation in
a condition-dependent signal: predation regime affects signal
intensity and reliability. Am. Nat. 186, 187-195.

Hamilton, W.D. & Zuk, M. (1982). Heritable true fitness and
bright birds - a role for parasites. Science 218, 384-387.

Hill, G.E. (1991). Plumage coloration is a sexually selected
indicator of male quality. Nature 350, 337-339.

Iraeta, P., Monasterio, C., Salvador, A. & Diaz, J.A.

(2006). Mediterranean hatchling lizards grow faster at higher
altitude: a reciprocal transplant experiment. Funct. Ecol. 20,
865-872.

Iraeta, P., Salvador, A., Monasterio, C. & Diaz, J.A. (2010).
Effects of gravidity on the locomotor performance and escape
behaviour of two lizard populations: the importance of habitat.
Behaviour 147, 133-150.

Iraeta, P., Monasterio, C., Salvador, A. & Diaz, J.A. (2011).
Sexual dimorphism and interpopulation differences in lizard
hind limb length: locomotor performance or chemical
signalling? Biol. J. Linn. Soc. 104, 318-329.

Iraeta, P., Salvador, A. & Diaz, J.A. (2013). Life-history traits of
two Mediterranean lizard populations: a possible example of
countergradient covariation. Oecologia 172, 167-176.

Iwasa, Y., Pomiankowski, A. & Nee, S. (1991). The evolution
of costly mate preferences. II. The “handicap” principle.
Evolution 45, 1431-1442.

Jacot, A., Scheuber, H., Kurtz, J. & Brinkhof, M.W.G. (2005).
Juvenile immune status affects the expression of a sexually
selected trait in field crickets. J. Evol. Biol. 18, 1060-1068.

Kekalainen, J., Pirhonen, J. & Taskinen, J. (2014). Do highly
ornamented and less parasitized males have high quality
sperm? — an experimental test for parasite-induced
reproductive trade-offs in European minnow (Phoxinus
phoxinus). Ecol. Evol. 4, 4237-4246.

Lopez, P., Gabirot, M. & Martin, J. (2009). Immune challenge
affects sexual coloration of male Iberian wall lizards. J. Exp.
Zool. 311, 96-104.

Malo, A.F., Roldan, E.R.S., Garde, J.J., Soler, A.J., Vicente,
J., Gortazar, C. & Gomendio, M. (2009). What does
testosterone do for red deer males? Proc. R. Soc. Lond. B
276, 971-980.

Martin, J. & Forsman, A. (1999). Social costs and development
of nuptial coloration in male Psammodromus algirus lizards:
an experiment. Behav. Ecol. 10, 396-400.

Martin, J. & Lépez, P. (2014). Condition-dependent
chemosignals in reproductive behavior of lizards. Horm.
Behav. 68, 14-24.

Maynard-Smith, J. (1991). Theories of sexual selection. Trends
Ecol. Evol. 6, 146-151.

Milinski, M. & Bakker, T.C.M. (1990). Female sticklebacks use
male coloration in mate choice and hence avoid parasitized
males. Nature 344, 330-333.

Mgller, A.P. (1988). Female choice selects for male sexual tail
ornaments in the monogamous swallow. Nature 332, 640-642.



Male lizard ornaments and parasite loads

Mgller, A.P. & Lope, F. (1994). Differential cost of a secondary
sexual character: an experimental test of the handicap
principle. Evolution 48, 1676-1683.

Parmentier, H.K., De Vries Reilingh, G. & Nieuwland, M.G.
(1998). Kinetic and immunohistochemical characteristics of
mitogen-induced cutaneous hypersensitivity in chickens
selected for antibody responsiveness. Vet. Immunol.
Immunopathol. 66, 367-376.

Pollock, N.B., Vredevoe, L.K. & Taylor, E.N. (2012). How do
host sex and reproductive state affect host preference and
feeding duration of ticks? Parasitol. Res. 111, 897-907.

Reedy, A.M., Cox, C.L., Chung, A.K., Evans, W.J. & Cox,
R.M. (2016). Both sexes suffer increased parasitism
and reduced energy storage as costs of reproduction in
the brown anole, Anolis sagrei. Biol. J. Linn. Soc. 117, 516—
527.

Salvador, A., Veiga, J.P., Martin, J., Lopez, P., Abelenda, M. &
Puerta, M. (1996). The cost of producing a sexual signal:
testosterone increases the susceptibility of male lizards to
ectoparasitic infestation. Behav. Ecol. 7, 145-150.

Stevens, M., Parraga, C.A., Cuthill, 1.C., Partridge, J.C. &
Troscianko, T.S. (2007). Using digital photography to study
animal coloration. Biol. J. Linn. Soc. 90, 211-237.

Uller, T., Isaksson, C. & Olsson, M. (2006). Immune challenge
reduces reproductive output and growth in a lizard. Funct.
Ecol. 20, 873-879.

A. Llanos-Garrido et al.

Veiga, J.P. & Salvador, A. (2001). Individual consistency in
emergence date, a trait affecting mating success in the lizard
Psammodromus algirus. Herpetologica 57, 99—104.

Zahavi, A. (1975). Mate selection: a selection for a handicap. J.
Theor. Biol. 53, 205-214.

Zamora-Camacho, F.J., Reguera, S., Rubino-Hispan, M.V. &
Moreno-Rueda, G. (2014). Eliciting an immune response
reduces sprint speed in a lizard. Behav. Ecol. 26, 115-120.

Zuk, M., Thornhill, R. & David-Ligon, J. (1990). Parasites and
mate choice in red jungle fowl. Amer. Zool. 30, 235-244.

Supporting Information

Additional Supporting Information may be found in the online
version of this article:

Figure S1. Key steps in Photoshop CS6 image processing.
Above: standardized area for the analysis of ventral coloration
of the head, obtained using the magnetic lasso tool to select the
surface comprised within the triangle defined by the snout and
the posterior edges of the infralabial scutes. Below: extent of red
colored surface, measured using the magic wand tool. We used
histograms to count the numbers of pixels in the appropriate
layers, which allowed us to determine the overall amount of skin
surface involved in the production of the sexual ornament, and
to obtain the average value of the R, G, and B channels of the
graphics card to calculate color saturation as R / (R+G+B).
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