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Abstract
Females often have chromatic patterns that differ from those of males. The evolution and function of female coloration is less
known than those of males. Female ornaments can result from non-adaptive intersexual genetic correlation, but they may also
signal female quality, health state, or potential fecundity. We examined whether the spectral characteristics of the sexually
dichromatic coloration of female Iberian green lizards (Lacerta schreiberi) correlate with their condition, parasite load (ticks,
hemoparasites and Borrelia infection) and the inflammatory response, and predict reproductive investment and offspring quality.
Females with more intense UV-blue throat structural coloration and with more intense carotenoid-dependent yellow chests had
less hemoparasites, and females with more saturated green dorsal coloration had lower tick loads. Also, females with greener
backs seemed less prone to Borrelia burgdorferi s. l. infection. Surprisingly, in females not infected with Borrelia, there was a
negative relationship between tick load and carotenoid content in the chest, which was not obvious in infected females.
Characteristics of the females’ coloration may also predict several variables of reproductive investment, such as egg laying date,
incubation time, hatchling number, hatching success, and body size and condition of their hatchlings. Because this is a
polygynandric species and mating investment is costly for males, we suggest that males might use female coloration to select
potential mates. However, we can expect that the physiological basis of coloration is similar in both sexes and, therefore, genetic
correlation and sexual selection may act synergistically.

Significance statement
Despite widespread misconception that males are brightly colored and females are dull, females of some species also signal their
quality with colorful ornaments. However, the function of female coloration is less often studied, although it may be important to
fully understand sexual selection. Coloration of female Iberian green lizards is not so bright as that of males, but
spectral characteristics of female colors can reflect body condition, parasite load, and immune response and, more-
over, predict the number and quality of her future offspring. These correlations might help males to choose among
female partners when selecting a good mate is a time and energy demanding task, increasing males’ fitness. This
would support direct sexual selection of female ornaments.
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Introduction

The evolution and function of male sexual signals are the
topics of many research studies (reviewed in Andersson
1994; Andersson and Simmons 2006). However, in many
species, females also often have sexual ornaments, but their
evolution and function are understudied (Clutton-Brock 2009;
Wright et al. 2015). In the past, female bright coloration was
considered only a result of a non-adaptive process of intersex-
ual genetic correlation due to the effects of sexual or natural
selection onmales’ genome, which are inherited by females as
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well (Lande 1980). According to this, bright colors should
have negative effects on female survival and reproductive
success due to increased predation risk (e.g., Freeman-
Gallant et al. 2014). However, female bright coloration can
also evolve by direct selection. In some species, female color-
ation can indicate competitiveness for males (Berglund and
Rosenqvist 2001). Also, females can compete between them
for resources such as a breeding territory or a nesting place
(Hegyi et al. 2008; Griggio et al. 2010).

Moreover, in some species, female coloration can sig-
nal female quality, informing about health state, strength
of the immune system (e.g., Kelly et al. 2012), parasite
burden (e.g., Potti and Merino 1996), and condition
(e.g., Johnsen et al. 1996). Moreover, female colors
can show potential fecundity and investment into the
offspring (e.g., Potti et al. 2013). Genetic correlation
and direct selection provide opposite predictions be-
tween female signals and fitness, but these are not mu-
tually exclusive phenomena. Vestigial traits resulting
from genetic correlation can be the base on which fe-
male ornaments can later evolve by sexual selection.
Furthermore, there could be cooperation of these two
processes; choosing a female partner with brighter or
bigger signals can have beneficial fitness results for a
male by producing not only daughters but also sons
with brighter or bigger signals (Amundsen 2000).

Evolution of male mate choice can be influenced by the
species’ breeding system, parental investment, cost of pair
searching, and the variance of quality among females
(Bateson 1983). When females mate with more than one male
and “sperm mixing” exists, the males that produce higher
quantity of sperm are more successful in sperm competition,
increasing their probability of fertilization (Parker et al. 1996).
However, although production of a single sperm load is cheap
(Dewsbury 1982), in polygynandrous or promiscuous mating
systems, the increased requirement of sperm transfer can be
costly (Savalli and Fox 1999). Thus, males may invest more
sperm into more ornamented females (Cornwallis and
Birkhead 2007). Theoretically, evolution of male mating pref-
erences is favored and males have direct benefits if females’
quality has high variance, the cost of mate searching is low, or
if males’ parental investment is high (Chenoweth et al. 2006).
In most of species where females have ornaments, females
have direct benefits from multiple pair mating (Clutton-
Brock 2009). When mating rate, quality variance, or parental
care are similar in both sexes, mutual choosiness is expected
(Burley 1977; Johnstone et al. 1996). The higher the
parental investment of a sex is, the choosier it is, and
lower quality individuals discriminate less than good
quality ones (Burley 1977). However, the real reason
for choosiness may not be parental care per se, but
rather the “time-out” of sexual competition (e.g., time
invested in mate guarding) (Parker and Simmons 1996).

Honesty of female signals might function through a cost as
it occurs in males (Amundsen 2000). However, there can be a
trade-off between elaboration of ornaments and fecundity,
which may lead males to avoid females with too elaborated
ornaments (Nordeide 2002; Nordeide et al. 2006). Thereby,
stabilizing selection can affect female sexual signals
(Fitzpatrick et al. 1995). Nevertheless, female traits can signal
directly their potential investment into the offspring. In some
species, body condition of females can predict number or size
of eggs (Bonduriansky 2001; Steiger 2013). Females can in-
fluence the quality of their offspring by genetic and non-
genetic mechanisms. Females allocate nutrients and important
biochemicals, such as antibodies, antioxidants, and hormones,
into the embryos through the placenta or into the egg yolk
(e.g., Thompson and Speake 2002). Rapid embryonic growth
rate results in high oxidative stress inside the eggs (Blount
et al. 2000; Surai et al. 2001a). Thus, the antioxidant content
of eggs is very important for embryonic development and
survival (Johnston et al. 2007). Conspicuous color traits can
signal antioxidant body levels which can be related with anti-
oxidant allocation inside eggs (Blount et al. 2002; McGraw
et al. 2005). Female striped plateau lizards (Sceloporus
virgatus) have pteridin-based orange throat patches and this
trait is preferred by males (Weiss 2002). The size of throat
patches positively relates with the body condition and nega-
tively with parasite load, while orange chroma positively re-
lates with body size, thus indicating phenotypic and genetic
qualities (Weiss 2006). Furthermore, throat patch size posi-
tively correlates with the mass and antioxidant content of the
eggs (Weiss 2006; Weiss et al. 2011) and predicts a higher
condition and running speed of the offspring (Weiss et al.
2009). Similarly, ultraviolet crown coloration of female Blue
tits can predict egg size and fledgling number (Szigeti et al.
2007; Henderson et al. 2013).

Here, we examined the potential functions of multiple col-
orful traits of female Iberian green lizards (Lacerta
schreiberi), a diurnal lacertid lizard from the Iberian
Peninsula (Marco 2015). This lizard shows strong sexual di-
chromatism; males have bright blue heads yellow chests and
vents, and green backs with small black spots, while females
have white throat coloration, yellow chest coloration,
and brown or, sometimes, greenish dorsal coloration
with large black spots. Interindividual variation in the
males’ coloration may signal morphology, health state,
dominance, and pairing status (Martín and López 2009;
Kopena et al. 2014a, b, 2017), but the possible signal-
ing function of female color traits remains unexplored
(but see Kopena 2017). The mating system of L.
schreiberi is polygynandrous, and males often mate
guard females (Marco and Pérez-Mellado 1999). The
requirement of high sperm quantity and the loss of
time-out of mating by mate guarding suggest the possi-
ble existence of some male mate choice in this species.
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We measured coloration, health state, and reproductive
traits of female L. schreiberi lizards to investigate: (i) the costs
of vitellogenesis for female condition and health, (ii) whether
characteristics of coloration of females could be related with
their morphology and health state (inflammatory response to
phytohaemagglutinin, ecto- and hemoparasite burden and
bacterial infection by Borrelia burgdorferi), (iii) whether fe-
male quality traits could be related with reproductive success
and offspring quality, and (iv) whether characteristics of col-
oration of mothers could predict their reproductive investment
and the quality of their offspring.

Materials and methods

Study area and species

In June 2012, we captured 21 gravid female L. schreiberi in
‘Valle de La Fuenfría’ in the Guadarrama Mountains (40° 44′
N, 4° 02′ W; Madrid Province, Spain) and we immediately
transferred them to “El Ventorrillo” field station (MNCN-
CSIC) (Madrid province, Spain), 5 km from the capture site.
Lizards were individually kept in outdoor 51 × 36 × 28 cm
PVC terraria containing coconut fiber substratum and rocks
for cover. Terraria were placed at a half-shady forest area,
where a natural population of this lizard is also found. Every
day, lizards were fed mealworm larvae (Tenebrio molitor) and
house crickets (Acheta domesticus), dusted with calcium and
vitamin powder, and water was provided ad libitum. We mea-
sured females’ snout-to-vent length (SVL) to the nearest 1 mm
(mean ± SE = 106 ± 1 mm; range = 95–116 mm), body mass
just after egg laying (mean ± SE = 24.3 ± 0.6 g; range = 17.5–
29.5 g), and calculated body condition as the residuals of the
ln(BodyMass) regression on ln(SVL). Females were held in
captivity until they laid eggs (time since capture until laying:
mean ± SE = 27 ± 3 days; range = 11–49 days) and two to four
days after, females were released to their capture sites after
ensuring they were in good health condition. To minimize
observer bias, blinded methods were use when all data were
measured and/or analyzed.

Color measurements

To ensure that we could compare different individual females
captured at different times, we only used measures of colora-
tion taken at the same stadium of all females (i.e., immediately
after egg laying). Thus, we avoided possible temporal changes
of coloration associated to the different stadiums of gravidity
of females. Nevertheless, pilot repeated measures of colora-
tion of the same individual females through their pregnancy
period did not show significant temporal variations in colora-
tion. We measured the reflectance of females’ coloration from
300 to 700 nm using an Ocean Optics USB2000

spectroradiometer with a DT-1000-MINI Deuterium–
Halogen light source (Ocean Optics, Inc., Dunedin, FL,
USA) following procedures described in Kopena et al.
(2014a). We measured coloration of the whitish ‘throat’ (be-
tween the last chin shields and the collar), the yellowish
‘chest’ (at the middle of the second row of scales prior to the
collar), and the brownish or greenish ‘back’ (background col-
oration, avoiding black spots, at the middle point above the
two forelimbs).Wemeasured three nearby points at each body
location and calculated average values of each individual. All
measurements took place when lizards were fully active and
had been able to attain an optimal body temperature; thus, we
avoided a potential influence of temperature on coloration.

We made three different PCAs, one for each body part, to
mathematically summarize the complex reflectance spectra
into three independent PCs (Cuthil l et al . 1999;
Montgomerie 2006) (Table 1). To explore the role of caroten-
oids in the chest “yellowish” coloration, we calculated the
ratio of violet-blue (400–515 nm) and background (575–
700 nm) reflectance (Rviolet-blue/Rbackground) as an index of ab-
solute carotenoid chroma reflecting the carotenoid content
(Jacot et al. 2010; San-Jose et al. 2013).

Inflammatory response to phytohaemagglutinin

After egg laying, we used a pressure-sensitive spessimeter to
measure the inflammatory response of the skin of female liz-
ards in vivo by using the phytohemagglutinin (PHA) injection
test (Smits et al. 1999) following procedures in Kopena et al.
(2014b). We used this measure (i.e., the amount of skin swell-
ing at the hindlimb foot pad after 24 h due to inflammation by
the PHA injection) as a standardized index of immuno-
competence that, independently of the type of immune
cells involved (Martin et al. 2006), may reflect health
state (but see Adamo 2004 for problems of interpreting
measurements of immunity).

Parasite load

We counted the number of ectoparasites (Ixodes ricinus,
Ixodidae) fixed on each female at capture time (tick preva-
lence = 80%, median intensity = 3.0, CI95% = 3.2–9.1, and
range = 1–20) . We a l so coun ted hemoparas i t e s
(hemogregarines) by using blood smears following Merino
and Potti (1995) and Amo et al. (2004) (prevalence = 80%;
median intensity = 29 infected red blood cells/2000 cells,
CI95% = 20.8–56.8, and range = 1–142). Because values of
tick and hemogregarine intensities of infection were not nor-
mally distributed, we used square-root transformed data
(Kolmogorov–Smirnov test for both variables: d = 0.11,
P > 0.20; Q-Q plot showed normal distribution).

To examine infection by Borrelia burgdorferi sensu lato,
we isolated DNA from collar scale samples by alkaline
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hydrolysis (Guy and Stanek 1991). PCR amplification was
performed in a 25 μl reaction mixture from 5 μl of 5x HOT
FIREPol® Blend Master Mix Ready to Load with 10 mM
MgCl2 (Solis BioDyne, Tartu, Estonia),13 μl nuclease-free
water, 1–1 μl forward and reverse primer, and 5 μl DNA
template. Presence of B. burgdorferi s. l. in samples were
detected by amplifying a portion of the 5S (rrfA)-23S (rrlB)
rDNA intergenic spacer (IGS) (Derdakova et al. 2003).
Negative and positive controls were included in each reaction.
Amplicons were separated on a 1.5% agarose gel (Sigma-
Aldrich, Buchs, Switzerland) in 1x TAE Buffer (40 mM
Tris, pH 7.8, 20 mM acetic acid, and 2 mM EDTA). The gel
was stained by Good View II nucleic acid stain (Ecoli,
Bratislava, Slovak Republic) and afterwards was visualized
using a UV transilluminator. We found lizards infected with
B. burgdorferi s. l. (prevalence = 60%). Lizards can be reser-
voir hosts of this bacterium, which although has no or just
mild effect on reservoir host, has immune inhibitor effect
(Tracy and Baumgarth 2017) that may influence the immune
response to other pathogens. For this reason, we examined the
effect of the interaction of B. burgdorferi s. l. with tick and
hemogregarine infection.

Eggs and hatchling husbandry

Near the expected laying dates (27th June to 24th July), we
checked the terraria every day looking for eggs buried in the
substrate. Twenty females laid a total of 281 eggs (mean ±
SE = 13.5 ± 0.43 eggs/clutch; range = 10–18 eggs/clutch).
When a clutch was found, the eggs were immediately

transferred to closed plastic boxes (13 × 13 cm2; one box per
clutch) filled with moistened perlite (1 g perlite:1 g water). We
placed boxes in an incubator at 25.5 °C (IRE-160; 94 × 60 ×
60 cm; Raypa, Barcelona, Spain) following previous studies
of egg incubation in this lizard species (Marco et al. 2004;
Köhler 2005; see also Monasterio et al. 2013).

When incubation of eggs was close to the end (incubation
time, mean ± SE = 53.4 ± 0.1 days, range = 51–60 days), the
clutches were monitored every two hours between 0800 and
2200 h searching for newborns. Immediately after hatching
(between 20th August and 13th September), the 181 born
offspring (hatching success = 64.4%) were measured with
digital calipers (to the nearest 0.1 mm) (SVL, mean ± SE =
33.5 ± 0.1 mm; range = 29.6–36.5 mm) and their ‘body mass’
weighed with a digital scale (to the nearest 0.01 g) (mean ±
SE = 0.95 ± 0.01 g; range = 0.66–1.23 g). Body condition at
hatching was estimated using the residuals of the regres-
sion of ln(body mass) on ln(SVL). We observed in some
of the offspring morphological abnormalities in the feet
and tail, which may indicate stress due to bad conditions
during development inside the mother or during external
incubation (Ji et al. 2002). The absence/presence of unde-
veloped or curved tail and of supernumerary toes in each
of the four feet was noted to make an index of “abnor-
mality degree” (ranging from 0 to 5, depending on the
number of abnormalities observed) (mean ± SE = 0.36 ±
0.05; range:0–3). After measurement, offspring were
placed in outdoor 51 × 36 × 28 cm PVC terraria in the
same conditions as females for further observations and
later released at the capture sites of their mothers.

Table 1 Results and interpretation of principal component analyses (PCA) of female coloration on different body parts

Eigenvalue % of the
variation

Relationship of the
variables with PC scores

Interpretation

Positive Negative

Throat PC1 62.87 77.20 – 300–700 nm Lower PC scores-- > brighter throat

PC2 9.84 12.14 300–465 nm 470–700 nm Higher PC scores-- > more saturated UV-blue throat

PC3 4.21 5.19 365–605 nm 300–360 nm
610–700 nm

Higher PC scores-- > higher relative amount of short-middle wavelengths com-
paring to very short and long wavelengths

Total 76.91 94.96

Chest PC1 49.37 60.96 – 300–700 nm Lower PC scores-- > brighter chest

PC2 17.76 21.92 300–490 nm 495–700 nm Lower PC scores-- > more saturated yellow chest

PC3 9.96 12.29 385–580 nm 300–380 nm
585–700 nm

Lower PC scores-- > higher relative amount of very short
and long wavelengths comparing to short-middle wavelengths

Total 77.09 95.17

Back PC1 54.28 67.01 – 300–700 nm Lower PC scores-- > brighter back

PC2 18.73 23.13 300–475 nm 480–700 nm Lower PC scores-- > more saturated green or brown back

PC3 4.02 4.96 370–615 nm 300–365 nm
620–700 nm

Higher PC scores-- > higher relative amount of short-middle wavelengths com-
paring to very short and long wavelengths (i.e., more UV-green back)

Total 77.03 95.10
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Data analyses

Because female size may affect clutch size and hatchling num-
bers, we calculated relative clutch size and relative hatchling
numbers using the residuals of the regression of clutch size or
hatchling numbers on female SVL. Furthermore, since clutch
size may strongly influence laying date and incubation time of
eggs and offspring traits, in further analyses, we used these
variables corrected in relationship to clutch size.

To estimate costs of vitellogenesis for female condition and
health, we used two backward stepwise general regression
models (GRM) in STATISTICA Software (StatSoft, Inc.,
Tulsa, OK, USA) to analyze whether body condition or the
inflammatory response after egg laying (dependent variables
in separated models) depended on female size, tick and
hemogregarine load, and relative clutch size (independent var-
iables) and on the presence/absence of Borrelia infection
(fixed factor), and we included the double interactions of
Borrelia infection with tick load and of Borrelia infection
with hemogregarine burden.

Moreover, we analyzed the relationships of coloration
with morphology and health state of females using
backward stepwise GRMs with each of the PC scores
describing coloration or carotenoid chroma as dependent
variables in separated models and the female quality
traits (SVL, condition after egg laying, tick and
hemoparasite load, Borrelia infection, and double inter-
actions of Borrelia infection with tick or with
hemogregarine load) as independent variables.

Finally, we explored the relationships of mother qual-
ity traits and coloration with reproductive parameters
and offspring traits. We used different backward step-
wise GRMs to investigate whether reproductive param-
eters (hatching success, hatchling number) and offspring
traits (SVL, body condition, abnormality degree, and
incubation time; the average values of all the offspring
of each female) as dependent variables in separated
models can be predicted by the female quality traits
mentioned above or by female coloration (PC scores)
as independent variables.

In all the above GRM models, we also included initial-
ly the number of days that females were held in captivity
before egg laying to correct for any negative effect of
captivity on the reproductive output. Nevertheless, this
variable was not included in the final models in any case.
All models were checked for collinearity (all variance
inflation factors, VIF < 3) and residuals fulfilled the nor-
mality and homoscedasticity assumptions. To control for
Type I error inflation in the relationships between depen-
dent and independent variables in the GRM models, we
applied a false discovery rate (FDR) tablewise correction
to the significance levels (Hochberg and Benjamini 2000;
García 2003, 2004).

Results

Costs of vitellogenesis for female condition and
health

Female body condition after laying was negatively and signif-
icantly related with relative clutch size (Model 1; Table 2).
Thus, females that laid relatively larger clutches had a lower
body condition after laying. No other variable (i.e., body size,
parasite load) was included in the final model. Inflammatory
response of females after egg laying was positively and sig-
nificantly correlated with SVL (Model 2; Table 2), but there
were no significant relationships with parasite load, body con-
dition, or relative clutch size.

Relationships of coloration with morphology and
health state of females

With respect to throat coloration, females with higher throat PC2
scores (i.e., more intensive UV and bluish throat coloration) had
significantly lower hemoparasite loads (Model 3; Table 2; Fig. 1a).

Considering the chest coloration, females with lower chest
PC2 scores (i.e., more saturated yellowish chest coloration)
had significantly longer body sizes (Model 4; Table 2; Fig.
1b). Also, females with higher chest PC3 scores (i.e., more
intensive yellowish chest coloration) had significantly lower
hemoparasite load (Model 5; Table 2; Fig. 1c). Similarly, ab-
solute carotenoid chroma of the chest was significantly and
negatively related to SVL of females, supporting that bigger
females had more carotenoids in the chest skin (Fig. 1d). Also,
females infected by Borrelia had significantly more caroten-
oids (Fig. 1e). However, we also found a significant interac-
tion between Borrelia infection and tick load (Model 6;
Table 2). Thus, in females not infected by Borrelia,
there seemed to be a stronger negative non-significant
relationship between tick load and carotenoid content
(r = −0.22, P = 0.57; black dots and continuous line in
Fig. 1f) than in infected females (r = −0.09, P = 0.80;
white dots and dashed line in Fig. 1f).

Regarding the back coloration of females, back PC2 scores
were significantly related with tick load and Borrelia infection
(Model 7; Table 2). Thus, females with higher saturation of
back brown or green coloration had lower tick loads (Fig. 1g)
and were more prone to be infected by Borrelia (Fig. 1h).
Also, back PC3 was significantly related with body
length and Borrelia infection (Model 8; Table 2).
Accordingly, females with greener and more intensive
back coloration were longer (Fig. 1i) and were less
likely to be infected by Borrelia (Fig. 1j).

The rest of coloration traits (PC scores) were not
significantly correlated with any variable describing
morphology or health state of females (i.e., no variable
was included in the final models).
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Table 2 Results of backward stepwise general regression models (GRM). Significant probabilities after applying a sharpened false discovery rate
(FDR) correction (corrected threshold: α ≤ 0.012) are italicized

Model. Dependent variable Explanatory variables β t P

Costs of vitellogenesis for female condition and health

M1. Body condition

(R2 = 0.30, F1,18 = 9.02, P = 0.008) Relative clutch size −0.58 −3.00 0.008

M2. Immune response:

(R2 = 0.31, F1,17 = 8.90, P = 0.008) SVL 0.59 2.98 0.008

Relationships of coloration with morphology and health state of females

M3.Throat PC2

(R2 = 0.29, F1,18 = 8.93, P = 0.008) Hemoparasites −0.58 2.99 0.008

M4. Chest PC2:

(R2 = 0.31, F1,18 = 9.65, P = 0.006) SVL −0.59 −3.11 0.006

M5. Chest PC3

(R2 = 0.19, F1,18 = 5.48, P = 0.031) Hemoparasites −0.48 −2.34 0.008

M6. Chest carotenoid chroma

(R2 = 0.65, F3,16 = 12.76, P = 0.0002) SVL −0.93 −5.75 <0.0001

Borrelia 0.87 3.27 0.005

Borrelia*tick load −0.82 −2.83 0.012

M7. Back PC2

(R2 = 0.47, F2,17 = 7.54, P = 0.0045) Tick load 0.54 3.01 0.008

Borrelia 0.51 2.84 0.011

M8. Back PC3:

(R2 = 0.55, F2,17 = 10.28, P = 0.0012) SVL 0.63 3.80 0.001

Borrelia 0.47 2.83 0.012

Relationships of mother quality traits with
reproductive success and offspring traits

M9. Hatchling body condition

(R2 = 0.28, F1,16 = 7.72, P = 0.01) Borrelia*tick load −0.57 −2.78 0.01

Relationships of mother coloration with
reproductive success and offspring traits

M10. Hatchling number

(R2 = 0.27, F1,18 = 7.90, P = 0.012) Back PC2 −0.55 −2.81 0.012

M11. Hatching success

(R2 = 0.21, F1,18 = 6.14, P = 0.023) Back PC2 −0.50 −2.48 0.023

M12. Egg laying date

(R2 = 0.36, F1,18 = 11.66, P = 0.003) Back PC2 0.63 3.41 0.003

M13. Incubation time

(R2 = 0.31, F2,15 = 4.82, P = 0.02) Chest PC2 −0.50 −2.37 0.03

Back PC3 −0.54 −2.57 0.02

M14. Average offspring SVL

(R2 = 0.67, F3,14 = 12.61, P = 0.0003) Throat PC3 −0.51 −3.62 0.003

Back PC1 0.39 2.76 0.015

Back PC2 −0.46 −3.25 0.006

M15. Hatchling body condition

(R2 = 0.72, F5,12 = 9.81, P = 0.0006) Throat PC1 0.53 3.88 0.002

Throat PC2 0.39 3.02 0.011

Throat PC3 −0.48 −3.42 0.005

Chest PC1 0.56 4.15 0.001

Chest PC2 −0.32 −2.47 0.03
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Relationships of mother quality traits with
reproductive success and offspring traits

Relative clutch size, hatchling number, and hatching success
were not significantly influenced by parasite load. Neither
incubation time, egg laying date, offspring SVL, or offspring
average abnormality degree was significantly related with any
mother state variables. However, the interaction of Borrelia
infection and tick load showed a significant interactive effect
on average body condition of hatchlings (Model 9; Table 2).
Thus, in females that had no Borrelia infection, a greater tick
load non-significantly resulted in hatchlingswith average low-
er body condition (r = −0.59, P = 0.12; black dots and contin-
uous line in Fig. 1k), but this effect tended to be the opposite in
females infected by Borrelia (r = 0.45, P = 0.19; white dots
and dashed line in Fig. 1k).

Relationships of mother coloration with reproductive
success and offspring traits

Both hatchling number (Model 10; Table 2) and hatching
success (Model 11; Table 2) were significantly and negatively
related with back PC2 coloration of females, which suggested
that females with higher proportions of medium and long
wavelengths (475–700 nm) on back coloration had more off-
spring, both considering the absolute numbers of juveniles

born (Fig. 2a) or, although the relationship did not reach sig-
nificance after a FDR correction, their numbers corrected by
clutch size (i.e., higher hatching success) (Fig. 2b).

Egg laying date (adjusted for clutch size) was significantly
and positively related with back PC2 coloration of females
(Model 12; Table 2). Thus, females with higher proportions
of medium and long wavelengths (475–700 nm) in back col-
oration laid their eggs earlier (Fig. 2c).

Furthermore, incubation time (adjusted for clutch
size) was negatively related with the mother’s chest
PC2 and back PC3 coloration scores, but these relation-
ships did not reach significance after a FDR correction
(Model 13; Table 2). Thus, eggs from females with
more yellowish chests and less intense UV and green
back coloration non-significantly had longer incubation
times (Fig. 2d, e).

Average offspring SVL (adjusted for clutch size) was
significantly and negatively related with throat PC3 and
back PC2 coloration scores of their mothers, and, al-
though without reaching significance after correction,
positively related with back PC1 coloration (Model 14;
Table 2). Thus, females with higher proportions of very
short (300–375 nm) UV wavelengths in throat coloration
and duller but greater proportions of medium and long
wavelengths (475–700 nm) in back coloration had on av-
erage larger hatchlings (Fig. 3a–c).

Fig. 1 Relationships of morphology and health state of females with their
coloration and the condition of their offspring. Relationships between PC
scores or absolute carotenoid chroma describing the throat, chest, and
back coloration of female lizards L. schreiberi with their a and c
hemoparasite load; b, d, and i body size (snout-to-vent length); e, h,
and j Borrelia infection status; f tick load in function of Borrelia

infections status (infected: white dots and dashed line; uninfected: black
dots and continuous line); or g tick load. Relationship between k tick load
and average hatchling body condition in function of Borrelia infection
status (infected: white dots and dashed line; uninfected: black dots and
continuous line). Only those relationships included in the final models are
illustrated (see Table 2)
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Body condition of hatchlings was significantly and posi-
tively related with throat PC1, throat PC2, and chest PC1, and
significantly and negatively related with throat PC3 and,

without reaching significance after correction, with chest
PC2 of their mothers (Model 15; Table 2). Thus, mothers with
duller but more intensive UV and bluish throats and duller but

Fig. 2 Relationships of mother coloration with reproductive success.
Relationships between PC scores describing the chest and back
coloration of female lizards L. schreiberi with a number of hatchlings,

b hatching success, c date of egg laying, or d and e incubation time. Only
those relationships included in the final models are illustrated (see
Table 2)

Fig. 3 Relationships of mother coloration with offspring traits.
Relationships between PC scores describing the throat, chest, and back
coloration of female lizards L. schreiberi with a, b, and c average

hatchling body size, or with d, e, f, g, and h average hatchling body
condition. Only those relationships included in the final models are
illustrated (see Table 2)
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more yellowish chests had offspring with a higher body con-
dition (Fig. 3d–g). Average abnormality degree of hatchlings
was not significantly related to any color trait of their mothers.

Discussion

Our results strongly suggest that some characteristics of the
sexually dimorphic coloration of female L. schreiberi lizards
are correlated and, therefore, might potentially signal their
health state and may also reliably predict their reproductive
investment and the quality of their offspring. We also found
that costs of vitellogenesis (relative clutch size) may seriously
affect body condition of females, although not their inflam-
matory response. Therefore, the current reproductive invest-
ment can increase current reproductive success, but at the cost
of decreasing body condition, which may decrease the future
reproductive success, such as it occurs in Lacerta vivipara
lizards (Bleu et al. 2012). The inflammatory response was
only dependent on body size, a frequent finding in lizards
and birds (see e.g., Tobler et al. 2011; Vinkler et al. 2012).
Nevertheless, in the largest (oldest) lizards, there may be a
negative effect of senescence on the immune response
(Massot et al. 2011; Plasman et al. 2019).

Our results suggest that coloration of female L. schreiberi
might signal their health state; females with more
hemoparasites had less intense UV/blue throats and less
carotenoid-dependent yellow chests. Hemoparasites can elicit
a physiological stress response (Tomás et al. 2005), increase
lipid peroxidation in the blood (Saleh 2009), and decrease
carrier molecules of lipophilic antioxidants (Das et al. 1996).
Coloration may be affected by these negative effects on carot-
enoids and other antioxidants, which are needed for the pro-
duction of melanin and the correct placement of reflective
platelets in iridophores (Saenko et al. 2013; San-Jose et al.,
2013), and for expressing the carotenoid-dependent colora-
tion. Signaling parasite burden by coloration is very frequent
in females of other animals. For example, brighter red female
arctic chars (Salvelinus alpinus) (Skarstein and Folstad 1996)
and female lizards S. virgatus with larger orange throat
patches (Weiss 2006) have lower parasite burden. Female
terrapins (Mauremys leprosa) with brighter limb stripes have
a better inflammatory response (Ibáñez et al. 2013).

Bigger female lizards had more saturated yellow chests, a
relationship that is similarly found in carotenoid signals of
some birds (Jawor et al. 2004; Freeman-Gallant et al. 2014).
Bigger (older) female lizards might increase carotenoid
intake by their longer life experience, which could also
contribute to develop stronger immune responses (Chew
and Park 2004), although carotenoid supplementation
did not increase the inflammatory response of male L.
schreiberi (Kopena et al. 2014b).

We also found that female L. schreiberi lizards infected by
B. burgdorferi s. l. had higher carotenoid content in the chest
skin and that, surprisingly, this could change the negative
effect of ticks on carotenoids. Both results could be explained
by the immune inhibiting capability of B. burgdorferi s. l. At
least in mammalian hosts, this bacterium can inhibit the acti-
vation pathways of the complement cascade of the innate im-
mune system and destroy the humoral immune system (Tracy
and Baumgarth 2017), which might also release antioxidants
(e.g., carotenoids) from their immune role and allow them to
be allocated to coloration. Also, with respect to dorsal color-
ation, female L. schreiberi lizards with more intense UV and
green dorsal coloration were larger and had lower rates of
Borrelia infection.

Clutch size of female L. schreiberi was determined mainly
bymother size, but not by parasite burden. Similarly, parasites
neither affected, hatching success, laying date, or incubation
time. However, we found that Borrelia infection can change
the negative trend between tick load and body condition of
hatchlings. We suggest that this result is also the consequence
of the immune inactivating capability of this bacterium. As
explained above, antioxidants (e.g., carotenoids) released
from their immune role might allow females to allocate
them to the eggs resulting in offspring with better con-
dition. Similarly in female striped plateau lizards (S.
virgatus), throat patch size predicts mass and antioxi-
dant content of the eggs and higher condition of off-
spring (Weiss 2006; Weiss et al. 2009, 2011).

Characteristics of the coloration of L. schreiberi females
may also predict several variables of reproductive investment;
females with more saturated dorsal coloration had relatively
larger clutch sizes, shorter incubation times, more hatchlings,
and higher hatching success. Melanin production for colora-
tion can be influenced by protein or calcium consumption
(reviewed in McGraw 2008), which can also increase egg
development inside the mother body. Nevertheless, coloration
may just be an indicative of female quality and capability of
resource allocation to clutch production. Coloration is also
related to reproductive parameters in other animals; in north-
ern cardinals (Cardinalis cardinalis), more colorful females
have earlier clutches and more fledglings (Jawor et al. 2004).
Female pied flycatcher (Ficedula hypoleuca) with bigger
white wing patches breed earlier and have more hatchlings,
while the presence of a white forehead patch predicts more
fledglings (Morales et al. 2007).

Furthermore, eggs from female L. schreiberi with more
yellowish chests tended to have longer incubation times.
Due to fast metabolism, production rate of free radicals is very
high inside the eggs, and, thus, embryos require large amounts
of antioxidants for their normal development (Blount et al.
2000; Surai et al. 2001a). Antioxidant capacity of carotenoids
is higher in lower oxygen pressure, as it occurs inside the eggs
(Surai et al. 2001b). Thus, allocating carotenoids into the yolk
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can increase egg survival and offspring quality. Thus, in fe-
male lizards S. virgatus, pterin-based orange throat patch size
and chroma predict average egg mass and more carotenoids
and antioxidants in the eggs (Weiss 2006; Weiss et al. 2011).
“Carotenoid-rich” L. schreiberi females might invest more
antioxidants into eggs, resulting in longer incubation times
that would provide more time for development of the embryo
and produce hatchlings with better condition. In contrast,
greener backed females laid eggs with shorter incubation
times. However, we did not find negative effects of a shorter
incubation on offspring quality, and this result contradicts
why these females had lower rate of Borrelia infection. It is
possible that these embryos might have a faster developing
rate, allowing earlier hatching and more time for feed-
ing and reaching a better condition before the first hi-
bernation period, increasing winter survival (Civantos
and Forsman 2000; Grenot et al. 2000).

Female lizards with higher UV throat intensity and more
saturated but less bright dorsal coloration had average bigger
hatchlings. Similarly, females with more saturated but less
bright UV-blue throats and more yellowish saturated but less
bright chests had hatchlings with a better condition. Because
developmental stress can influence structural UV coloration
(Kemp and Rutowski 2007), maintaining a coloration with
higher UV intensity may require allocating more antioxidants
to reduce stress. Indeed, a supplement of carotenoids and vi-
tamin E increased structural-based throat brightness of male L.
schreiberi (Kopena et al. 2014a). Thus, these females might
also be able to invest more antioxidants into eggs to promote
offspring size and condition (Biard et al. 2005). Also, in other
animals, structural coloration may indicate a higher invest-
ment in reproduction, such as in blue tits, where females with
more intensive UV crown have bigger egg size (Szigeti et al.
2007) and more fledglings (Henderson et al. 2013).
Furthermore, lower UV-blue-throated L. schreiberi females
hadmore hemoparasites, and diseases can decrease carotenoid
investment into the egg yolk (Surai et al. 2001b). Moreover,
these females may have more antioxidants to be able to afford
both a more intensive structural throat coloration and a chest
with more carotenoids. Similarly, female lizards S. virgatus
with bigger orange throat patches have more antioxidants in
the egg yolk and produce offspring with better condition
(Weiss et al. 2009, 2011). Also, carotenoid-treated fe-
males of blue tits have bigger offspring with better im-
mune systems (Biard et al. 2005).

Although there are no data about male choice of females in
this lizard species, it is likely that males could obtain very
complex information about female quality and reproductive
investment using color traits of females. Male preference for
female coloration is a very under-researched subject, but it has
been found in some fish (Amundsen and Forsgren 2001) and
birds (Griggio et al. 2010). Also, male striped plateau lizards
(S. virgatus) prefer females with bigger orange throat patches

(Weiss 2002; Weiss and Dubin 2018) that reflect egg quality
(Weiss et al. 2011) and offspring condition (Weiss et al.
2009). However, female coloration does not trigger male pref-
erence if it is not correlated with female quality or mother
investment (Nordeide 2002; Nordeide et al. 2006).

In summary, female coloration of L. schreiberi predicts
several components of female quality and reproductive invest-
ment. These color patterns might support direct sexual selec-
tion of female ornaments. Future studies should examine the
existence of male preferences and whether female choice in-
creases the males’ fitness. Nevertheless, color physiological
basis of males and females may be similar and, therefore,
genetic correlation is not excluded. However, these two phe-
nomena would increase even synergistically the fitness of in-
dividuals that prefer females with more intense colors.

Acknowledgments We thank two anonymous reviewers for helpful com-
ments, Jesus Ortega for advice on incubation of lizard eggs and “El
Ventorrillo” MNCN-CSIC Field Station for use of their facilities.

Availability of data and material Data have been deposited in the
Figshare Digital Repository (https://doi.org/10.6084/m9.figshare.
13011554):

Author’s contributions All authors conceived the ideas and designed
methodology; RK, JM and PL collected the data; VM made analyses of
Borrelia infection; and RK and JM analyzed the data and led writing of
the manuscript. All authors contributed critically to the drafts and gave
final approval for publication.

Funding Financial support was provided by the projects MICIIN
CGL2011–24150/BOS and MINECO CGL2014–53523-P, and a JAE-
pre grant from CSIC to RK.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Ethical approval The captures and experiments enforced all the present
Spanish laws and were performed under license (permit number: 10/
072913.9/12) from the Environmental Organisms of Madrid
Community. Animal welfare standards and protocols of this study were
supervised by the Bioethical Committee of the Spanish Research Council
(CSIC).

References

Adamo SA (2004) How should behavioural ecologists interpret measure-
ments of immunity? Anim Behav 68:1443–1449

Amo L, López P, Martín J (2004) Prevalence and intensity of
Haemogregarinid blood parasites in a population of the Iberian rock
lizard, Lacerta monticola. Parasitol Res 94:290–293

Amundsen T (2000) Why are female birds ornamented? Trends Ecol
Evol 15:149–155

Amundsen T, Forsgren E (2001) Male mate choice selects for female
coloration in a fish. P Natl Acad Sci USA 98:13155–13160

  131 Page 10 of 12 Behav Ecol Sociobiol          (2020) 74:131 

https://doi.org/10.6084/m9.figshare.13011554
https://doi.org/10.6084/m9.figshare.13011554


Andersson M, Simmons LW (2006) Sexual selection and mate choice.
Trends Ecol Evol 21:296–302

Andersson MB (1994) Sexual selection. Princeton University Press,
Princeton

Bateson P (1983) Mate choice. Cambridge University Press, Cambridge
Berglund A, Rosenqvist G (2001) Male pipefish prefer ornamented fe-

males. Anim Behav 61:345–350
Biard C, Surai PF, Møller AP (2005) Effects of carotenoid availability

during laying on reproduction in the blue tit. Oecologia 144:32–44
Bleu J, Massot M, Haussy C, Meylan S (2012) Experimental litter size

reduction reveals costs of gestation and delayed effects on offspring
in a viviparous lizard. Proc R Soc Lond B 279:489–498

Blount JD, Houston DC, Møller AP (2000) Why egg yolk is yellow.
Trends Ecol Evol 15:47–49

Blount JD, Surai PF, Nager RG, Houston DC, Møller AP, Trewby ML,
Kennedy MW (2002) Carotenoids and egg quality in the lesser
black-backed gull Larus fuscus: a supplemental feeding study of
maternal effects. Proc R Soc Lond B 269:29–36

Bonduriansky R (2001) The evolution of male mate choice in insects: a
synthesis of ideas and evidence. Biol Rev 76:305–339

Burley N (1977) Parental investment, mate choice, and mate quality. P
Natl Acad Sci USA 74:3476–3479

Chenoweth SF, Doughty P, Kokko H (2006) Can non-directional male
mating preferences facilitate honest female ornamentation? Ecol
Lett 9:179–184

Chew BP, Park JS (2004) Carotenoid action on the immune response. J
Nutr 134:257–261

Civantos E, Forsman A (2000) Determinants of survival in juvenile
Psammodromus algirus lizards. Oecologia 124:64–72

Clutton-Brock T (2009) Sexual selection in females. Anim Behav 77:3–
11

Cornwallis CK, Birkhead TR (2007) Experimental evidence that female
ornamentation increases the acquisition of sperm and signals fecun-
dity. Proc R Soc Lond B 274:583–590

Cuthill IC, Bennett ATD, Partridge JC, Maier EJ (1999) Plumage reflec-
tance and the objective assessment of avian sexual dichromatism.
Am Nat 153:183–200

Das BS, Thurnham DI, Das DB (1996) Plasma alpha-tocopherol, retinol,
and carotenoids in children with falciparummalaria. Am J Clin Nutr
64:94–100

Derdakova M, Beati L, Petko B, Stanko M, Fish D (2003) Genetic var-
iability within Borrelia burgdorferi sensu lato genospecies
established by PCR-single-strand conformation polymorphism anal-
ysis of the rrfA-rrlB intergenic spacer in ixodes ricinus ticks from the
Czech Republic. Appl Environ Microbiol 69:509–516

Dewsbury DA (1982) Ejaculate cost and male choice. Am Nat 119:601–
610

Fitzpatrick S, Berglund A, Rosenqvist G (1995) Ornaments or offspring:
costs to reproductive success restrict sexual selection processes. Biol
J Linn Soc 55:251–260

Freeman-Gallant CR, Schneider RL, Taff CC, Dunn PO, Whittingham
LA (2014) Contrasting patterns of selection on the size and colora-
tion of a female plumage ornament in common yellowthroats. J Evol
Biol 27:982–991

García LV (2003) Controlling the false discovery rate in ecological re-
search. Trends Ecol Evol 8:553–554

García LV (2004) Escaping the Bonferroni iron claw in ecological stud-
ies. Oikos 105:657–663

Grenot CJ, Garcin L, Dao J, Hérold J-P, Fahys B, Tséré-Pagès H (2000)
How does the European common lizard, Lacerta vivipara, survive
the cold of winter? Comp Biochem Physiol A 127:71–80

Griggio M, Zanollo V, Hoi H (2010) Female ornamentation, parental
quality, and competitive ability in the rock sparrow. J Ethol 28:
455–462

Guy EC, Stanek G (1991) Detection of Borrelia burgdoferi in patiens
with Lyme disease by polymerase chain reaction. J Clin Pathol 44:
610–611

Hegyi G, Garamszegi LZ, EensM, Török J (2008) Female ornamentation
and territorial conflicts in collared flycatchers (Ficedula albicollis).
Naturwissenschaften 95:993–996

Henderson LJ, Heidinger BJ, Evans NP, Arnold KE (2013) Ultraviolet
crown coloration in female blue tits predicts reproductive success
and baseline corticosterone. Behav Ecol 24:1299–1305

Hochberg Y, Benjamini Y (2000) On the adaptive control of the false
discovery rate in multiple testing with independent statistics. J Educ
Behav Stat 25:60–83

Ibáñez A, Marzal A, López P, Martín J (2013) Sexually dichromatic
coloration reflects size and immunocompetence in female Spanish
terrapins, Mauremys leprosa. Naturwissenschaften 100:1137–1147

Jacot A, Romero-Diaz C, Tschirren B, Richner H, Fitze PS (2010)
Dissecting carotenoid from structural components of carotenoid-
based coloration: a field experiment with great tits (Parus major).
Am Nat 176:55–62

Jawor JM, Gray N, Beall SM, Breitwisch R (2004) Multiple ornaments
correlate with aspects of condition and behaviour in female northern
cardinals, Cardinalis cardinalis. Anim Behav 67:875–882

Ji X, Qiu QB, Diong CH (2002) Influence of incubation temperature on
hatching success, energy expenditure for embryonic development,
and size and morphology of hatchlings in the oriental garden lizard,
Calotes versicolor (Agamidae). J Exp Zool 292:649–659

Johnsen TS, Hengeveld JD, Blank JL, Yasukawa K, Nolan V (1996)
Epaulet brightness and condition in female red-winged blackbirds.
Auk 113:356–362

Johnston TA, Wiegand MD, Leggett WC, Pronyk RJ, Dyal SD,
Watchorn KE, Kollar S, Casselman JM (2007) Hatching success
of walleye embryos in relation to maternal and ova characteristics.
Ecol Freshw Fish 16:295–306

Johnstone RA, Reynolds JD, Deutsch JC (1996) Mutual mate choice and
sex differences in choosiness. Evolution 50:1382–1391

Kelly RJ, Murphy TG, Tarvin KA, Burness G (2012) Carotenoid-based
ornaments of female and male American goldfinches (Spinus tristis)
show sex-specific correlations with immune function and metabolic
rate. Physiol Biochem Zool 85:348–363

Kemp DJ, Rutowski RL (2007) Condition dependence, quantitative ge-
netics, and the potential signal content of iridescent ultraviolet but-
terfly coloration. Evolution 61:168–183

Kopena R (2017) Function and evolution of multiple signals in processes
of sexual selection of Iberian green lizards (Lacerta schreiberi).
Dissertation. Universidad Complutense de Madrid, Madrid

Kopena R, López P, Martín J (2014a) Relative contribution of dietary
carotenoids and vitamin E to visual and chemical sexual signals of
male Iberian green lizards: an experimental test. Behav Ecol
Sociobiol 68:571–581

Kopena R, López P, Martín J (2014b) What are carotenoids signaling?
Immunostimulatory effects of dietary vitamin E, but not of caroten-
oids, in Iberian green lizards. Naturwissenschaften 101:1107–1114

Kopena R, López P, Martín J (2017) Immune challenged male Iberian
green lizards may increase the expression of some sexual signals if
they have supplementary vitamin E. Behav Ecol Sociobiol 71:173

Köhler G (2005) Incubation of reptile eggs; basics, guidelines, experi-
ences. Krieger, Malabar

Lande R (1980) Sexual dimorphism, sexual selection, and adaptation in
polygenic characters. Evolution 34:292–305

Marco A (2015) Lagarto verdinegro - Lacerta schreiberi. In: Salvador A,
Marco A (eds) Enciclopedia virtual de los vertebrados españoles.
Museo Nacional de Ciencias Naturales, Madrid http://www.
vertebradosibericos.org

Marco A, Díaz-Paniagua C, Hidalgo-Vila J (2004) Influence of egg ag-
gregation and soil moisture on incubation of flexible-shelled lacertid
lizard eggs. Can J Zool 82:60–65

Behav Ecol Sociobiol          (2020) 74:131 Page 11 of 12   131 

http://www.vertebradosibericos.org
http://www.vertebradosibericos.org


Marco A, Pérez-Mellado V (1999) Mate guarding, intrasexual competi-
tion and mating success in males of the non-territorial lizard Lacerta
schreiberi. Ethol Ecol Evol 11:279–286

Martín J, López P (2009) Multiple color signals may reveal multiple
messages in male Schreiber’s green lizards, Lacerta schreiberi.
Behav Ecol Sociobiol 63:1743–1755

Martin LB, Han P, Lewittes J, Kuhlman JR, Klasing KC, Wikelski M
(2006) Phytohemagglutinin-induced skin swelling in birds: histo-
logical support for a classic immunoecological technique. Funct
Ecol 20:290–299

Massot M, Clobert J, Montes-Poloni L, Haussy C, Cubo J, Meylan S
(2011) An integrative study of ageing in a wild population of com-
mon lizards. Funct Ecol 25:848–858

McGraw KJ (2008) An update on the honesty of melanin-based color
signals in birds. Pigment Cell Melan Res 21:133–138

McGraw KJ, Adkins-Regan E, Parker RS (2005) Maternally derived
carotenoid pigments affect offspring survival, sex ratio, and sexual
attractiveness in a colorful songbird. Naturwissenschaften 92:375–
380

Merino S, Potti J (1995) High prevalence of hematozoa in nestings of a
passerine species, the pied flycatcher (Ficedula hypoleuca). Auk
112:1041–1043

Monasterio C, Shoo LP, Salvador A, Iraeta P, Díaz JA (2013) High
temperature constrains reproductive success in a temperate lizard:
implications for distribution range limits and the impacts of climate
change. J Zool 291:136–145

Montgomerie R (2006) Analyzing colors. In: Hill GE, McGraw KJ (eds)
Bird coloration, Mechanisms and measurements, vol 1. Harvard
University Press, Cambridge, pp 90–147

Morales J, Moreno J, Merino S, Sanz JJ, Tomás G, Arriero E, Lobato E,
Martínez-de la Puente J (2007) Female ornaments in the pied fly-
catcher Ficedula hypoleuca: associations with age, health and repro-
ductive success. Ibis 149:245–254

Nordeide JT (2002) Do male sticklebacks prefer females with red orna-
mentation? Can J Zool 80:1344–1349

Nordeide JT, Rudolfsen G, Egeland ES (2006) Ornaments or offspring?
Female sticklebacks (Gasterosteus aculeatus L.) trade off caroten-
oids between spines and eggs. J Evol Biol 19:431–439

Parker GA, Ball MA, Stockley P, Gage MJG (1996) Sperm competition
games: individual assessment of sperm competition intensity by
group spawners. Proc R Soc Lond B 263:1291–1297

Parker GA, Simmons LW (1996) Parental investment and the control of
sexual selection: predicting the direction of sexual competition. Proc
R Soc Lond B 263:315–321

Plasman M, Sandoval-Zapotitla E, Torres R (2019) Immune response
declines with age in a wild lizard. Biol J Linn Soc 128:936–943

Potti J, Canal D, SerranoD (2013) Lifetime fitness and age-related female
ornament signalling: evidence for survival and fecundity selection in
the pied flycatcher. J Evol Biol 26:1445–1457

Potti J, Merino S (1996) Decreased levels of blood trypanosome infection
correlate with female expression of a male secondary sexual trait:
implications for sexual selection. Proc R Soc Lond B 263:1199–
1204

Saenko SV, Teyssier J, Van der Marel D, Milinkovitch MC (2013)
Precise colocalization of interacting structural and pigmentary ele-
ments generates extensive color pattern variation in Phelsuma liz-
ards. BMC Biol 11:105

Saleh MA (2009) Erythrocytic oxidative damage in crossbred cattle nat-
urally infected with Babesia bigemina. Res Vet Sci 86:43–48

San-Jose LM, Granado-Lorencio F, Sinervo B, Fitze PS (2013)
Iridophores and not carotenoids account for chromatic variation of
carotenoid-based coloration in common lizards (Lacerta vivipara).
Am Nat 181:396–409

Savalli UM, Fox CW (1999) The effect of male mating history on pater-
nal investment, fecundity and female remating in the seed beetle
Callosobruchus maculatus. Funct Ecol 13:169–177

Skarstein F, Folstad I (1996) Sexual dichromatism and the immunocom-
petence handicap: an observational approach using Arctic charr.
Oikos 76:359–367

Smits JE, Bortolotti GR, Tella JL (1999) Simplifying the
phytohaemagglutinin skin-testing technique in studies of avian im-
munocompetence. Funct Ecol 13:567–572

Steiger S (2013) Bigger mothers are better mothers: disentangling size-
related prenatal and postnatal maternal effects. Proc R Soc B 280:
20131225

Surai PF, Speake BK, Sparks NHC (2001a) Carotenoids in avian nutri-
tion and embryonic development. 2. Antioxident properties and dis-
crimination in embryonic tissues. J Poult Sci 38:117–145

Surai PF, Speake BK, Sparks NHC (2001b) Carotenoids in avian nutri-
tion and embryonic development. 1. Absorption, availability and
levels in plasma and egg yolk. J Poult Sci 38:1–27

Szigeti B, Török J, Hegyi G, Rosivall B, Hargitai R, Szöllősi E, Michl G
(2007) Egg quality and parental ornamentation in the blue tit Parus
caeruleus. J Avian Biol 38:105–112

Thompson MB, Speake BK (2002) Energy and nutrient utilisation by
embryonic reptiles. Comp Biochem Physiol A 133:529–538

Tobler M, Healey M, Wilson M, Olsson M (2011) Basal superoxide as a
sex-specific immune constraint. Biol Lett 7:906–908

Tomás G, Merino S, Martínez J, Moreno J, Sanz JJ (2005) Stress protein
levels and blood parasite infection in blue tits (Parus caeruleus): a
medication field experiment. Ann Zool Fenn 42:45–56

Tracy KE, Baumgarth N (2017) Borrelia burgdorferi manipulates innate
and adaptive immunity to establish persistence in rodent reservoir
hosts. Front Immunol 8:116

Vinkler M, Schnitzer J, Munclinger P, Albrecht T (2012)
Phytohaemagglutinin skin-swelling test in scarlet rosefinch males:
low-quality birds respond more strongly. Anim Behav 83:17–23

Weiss SL (2002) Reproductive signals of female lizards: pattern of trait
expression and male response. Ethology 108:793–813

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

Weiss SL, DubinM (2018)Malemate choice as differential investment in
contest competition is affected by female ornament expression. Curr
Zool 64:335–344

Weiss SL, Kennedy EA, Bernhard JA (2009) Female-specific ornamen-
tation predicts offspring quality in the striped plateau lizard,
Sceloporus virgatus. Behav Ecol 20:1063–1071

Weiss SL, Kennedy EA, Safran RJ, McGraw KJ (2011) Pterin-based
ornamental coloration predicts yolk antioxidant levels in female
striped plateau lizards (Sceloporus virgatus). J Anim Ecol 80:519–
527

Wright DS, Pierotti MER, Rundle HD, McKinnon JS (2015)
Conspicuous female ornamentation and tests of male mate prefer-
ence in threespine sticklebacks (Gasterosteus aculeatus). PLoS One
10:e0120723

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

  131 Page 12 of 12 Behav Ecol Sociobiol          (2020) 74:131 


	Sexually dichromatic coloration of female Iberian green lizards correlates with health state and reproductive investment
	Abstract
	Abstract
	Abstract
	Introduction
	Materials and methods
	Study area and species
	Color measurements
	Inflammatory response to phytohaemagglutinin
	Parasite load
	Eggs and hatchling husbandry
	Data analyses

	Results
	Costs of vitellogenesis for female condition and health
	Relationships of coloration with morphology and health state of females
	Relationships of mother quality traits with reproductive success and offspring traits
	Relationships of mother coloration with reproductive success and offspring traits

	Discussion
	References


