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To explain the evolution of egg colouration in open cup nesting species,
a number of functions have been suggested. Recent studies focus on the role of
eggshell colour as a postmating sexually selected trait of females which manipu-
lates male parental investment. A basic prediction of this hypothesis is that egg
pigmentation reflects female quality. In this study we examine whether there is a
relationship between eggshell colouration and either female quality or egg quality
in reed warblers. This open cup nesting species has eggs that are heavily spotted
with brownish marks on a bluish-green background. We used several parameters
describing female and egg quality, and measured eggshell colouration at the blunt
pole and the egg centre, deriving four colour variables from colour spectrometry.
To determine egg quality parameters, the third egg of each clutch was sampled and
analysed. To determine female quality, females were trapped shortly after egg lay-
ing, and several morphological and a single conditional variable were determined.
Additionally, a blood sample was taken to determine blood parasites (avian malaria
and Trypanosoma spp.) and a faecal sample to determine intestinal parasites (Isospora
spp). Our results revealed that eggshell pigmentation appears to be independent of
female condition and parasites, but reflects concentrations of egg compounds such as
testosterone and lysozyme. Egg colouration is also related to yolk weight and egg size.
Our results further suggested that the information about colour varies depending
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on the position on the egg (blunt pole or egg centre). The only relationship with
females was between female size (tarsus length) and egg colouration, which suggests
a genetic component. We discuss reasons for the absence of a relationship between
egg colouration and female quality.

KEY WORDS: reed warbler, eggshell colouration, egg yolk testosterone, lysozyme, egg
quality, female quality, multiple signals.

INTRODUCTION

Originally, predation was thought to be the main selective force driving the evolu-
tion of eggshell colouration (WALLACE 1889; LACK 1958), which is partly supported by
recent comparative analyses (UNDERWOOD & SEALY 2002; KILNER 2006). In the context
of predation, as an alternative to using egg colour to mimic background colouration,
an aposematic function (SWYNNERTON 1916) was suggested whereby conspicuous egg
colours could, for example, serve as a warning signal for unpalatable eggs (LACK 1958).
It has also been suggested that colourful egg ornamentation serves to discriminate
own from conspecific eggs (BIRKHEAD 1978) or own from parasitic eggs (DAVIES &
BROOKE 1989; GRIM et al. 2003). More recently, MORENO & OSORNO (2003) pro-
posed that eggshell colouration signals female quality to their male mates. In species
with biparental care, eggshell colour could be a post-mating sexually selected trait of
females in order to induce male parental investment. The two main components of
eggshell pigmentation, biliverdin and protoporphyrin, possess strong antioxidant activ-
ities (STOCKER et al. 1987; MCDONAGH 2001; KAUR et al. 2003), and may in fact signal
a female’s capacity to control free radicals despite the handicap (sensu ZAHAVI 1975) of
removing antioxidant from her system. Consequently, deposition of these pigments to
the eggshell is costly for laying females. However, ZHAO et al. (2006) pointed out that
inclusion of biliverdin in the eggshell does not necessarily impair female antioxidant
demands, because it is not originally synthesized in the blood and may therefore not
constitute a handicap.

There are, in fact, contradictory results regarding the signalling function of egg
colouration in relation to female quality. One set of studies found both correlative
(MORENO et al. 2004; MORALES et al. 2006; SIEFERMANN et al. 2006; MARTINEZ-DE
LA PUENTE et al. 2007; HARGITAI et al. 2008) and experimental (MORENO et al. 2006;
SOLER et al. 2008; MORALES et al. 2012) support for this concept, whereas another
set could not confirm these results (HARGITAI et al. 2008; LOPEZ-RULL et al. 2008;
HANLEY & DOUCET 2009; HONZA et al. 2011). There is therefore much ongoing dis-
cussion concerning the reliability of the signalling function of eggshell colouration
(REYNOLDS et al. 2009).

However, eggshell colouration may also reflect egg quality independently of
female quality. The intensity of eggshell pigmentation may influence the amount of light
crossing the shell (LAHTI 2008; SHAWKEY et al. 2008) and consequently egg hatchabil-
ity (SHAWKEY et al. 2008). Eggshell pigmentation can indicate pesticide contamination
(JAGANNATH et al. 2008). White colour intensity may indicate better resistance to over-
heating (MAGIGE et al. 2008). Egg colour may also reflect structural shell features; e.g.
egg speckling may reflect inclusion of calcium (GOSLER et al. 2005; GARCIA-NAVAS
et al. 2011) or eggshell thickness (CHERRY & GOSLER 2010). Egg colour may also
reflect egg components allocated by the mother into yolk or egg white. Important
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egg ingredients could be nutritional compounds (e.g. lipids, proteins), antioxidants
(e.g. vitamines, carotenoids), hormones (e.g. androgens, corticosterone) or immune
compounds (e.g. immunoglobulins, lysozyme), which may consequently influence off-
spring quality (GROOTHUIS et al. 2005; ROSIVALL et al. 2005; MULLER et al. 2009;
PITALA et al. 2009). All these egg quality features may be partly independent of female
quality. For example, maternal components provided for embryo development in each
egg may depend on female allocation strategies (SHELDON 2000; HARRIS & ULLER
2009; REMES 2011). Ecological constraints (resource availability), socio-ecological con-
ditions (e.g. breeding density or breeding synchronization), or mate quality may play
an important role (GARCIA-FERNANDEZ et al. 2010; MCFARLANE et al. 2010) and mask
the relationship between female and egg quality.

The relationship between egg colouration and female and egg quality is therefore
complex, and both sets of studies, those which did or did not find a signalling function
in relation to female quality, have probably explored partial links of a complex pattern.

In this study, we therefore investigated one prediction of the signalling func-
tion of eggshell colour in reed warblers (Acrocephalus scirpaceus) in relation to female
as well as egg quality. Female reed warblers lay eggs that are heavily spotted on a
blue-green background. Egg colouration in this species is probably also important in
parasite defence, although cuckoos are still very successful in parasitizing reed war-
bler broods (SCHULTZE-HAGEN 1992; MOKSNES et al. 1993; GIEN et al. 1998). The reed
warbler is a socially monogamous species with male parental care (DUCKWORTH 1992;
KLEINDORFER et al. 1995), whereby male investment significantly varies regarding off-
spring feeding (HO1 et al. 1995) and predator defence (ILLE et al. 1996). Egg colouration
in reed warblers seems also to be influenced by environmental components (spring
climatic conditions such as rainfall and temperature) suggesting female condition is
dependent on nutrition (insect) availability (AVILES et al. 2007). Intraclutch variation in
egg colour and colour pattern is much smaller than variation between clutches (SOLER
& M@LLER 1996). To examine eggshell colouration in relation to female quality we used
body size, residual body mass, female parasite infestation in terms of haemosporidian
blood parasites (Plasmodium, Haemoproteus, and Leucocytozoon), Trypanosoma spp.,
Isospora spp. prevalence, start of laying and clutch size (Ho1 & HOI-LEITNER 1997) as
determinants of female quality.

For egg quality monitoring we used: (1) egg morphology in terms of size and egg
weight, and (2) egg compounds in terms of yolk weight, yolk testosterone concentra-
tions and egg white lysozyme antimicrobial activity. To evaluate the prediction related
to the signalling function of egg colouration, we measured egg colouration in two posi-
tions on the egg, using spectrometry, and generated four standard variables frequently
used to describe colour variation.

MATERIALS AND METHODS

Our reed warbler study population was located in the fishpond area of Vel'ké Blahovo, West
Slovakia, (48°03°09”N, 17°35°38'E), and the data for this study were collected in the field seasons
of 2009 and 2010.

In both years, the whole area was inspected daily between 6:00 and 18:00, from 6 April
until 10 July, inclusive. Male arrival was determined by observations of singing males. Males were
followed daily to determine female arrival and females were observed finding their nests. Through
daily nest visits, we were able to determine start of egg laying. The third egg was removed from
each nest and replaced by a dummy egg made of epoxid. No brood was deserted because of this
manipulation.
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The removed egg was immediately put into a cooling box (4 °C) for transportation and after
arrival in the lab was frozen at — 80 °C. After chicks hatched, the females were trapped and indi-
vidually colour-ringed. We determined female tarsus, length of wing, bill and tail, and body mass.
A small blood sample (about 50 nL) was taken using brachial vein-puncture and stored in ethanol.

Female quality measurements

The study was done over 2 years but each female was only represented once in the data set.
To determine female quality, we used: (1) female morphology; (2) female condition; (3) haemo-
sporidian blood parasites; (4) Trypansoma spp.; (5) Coccidia spp. prevalence; (6) date of egg laying,
and (7) clutch size. (1) Tarsus length is probably the best size indicator in reed warblers, given
its importance for movement through reeds, whereas wing and tail length is probably a compro-
mise to migration (LEISLER & WINKLER 1991). Therefore, we used tarsus length as a measure for
female size. (2) Female condition was determined to be residual body weight not explained by size
(tarsus). (3) Regarding avian blood parasites, we determined the presence or absence of haemo-
sporidian blood parasites, including Plasmodium, Haemoproteus and Leucocytozoon. However,
only one female was infested by Leucocytozoon. DNA was extracted from the blood samples using
a DNeasy Tissue Kit (Qiagen).

For amplification of partial segments of the cytochrome b gene of avian malaria of
the genera Plasmodium and Haemoproteus, four primers (HaemNF, HaemNR2, HaemF, and
HaemR2) and polymerase chain reaction (PCR) conditions according to WALDENSTROM et al.
(2004) were used.

Amplification by first PCR was performed according to the following conditions: initial
denaturation for 5 min at 95 °C, followed by 94 °C for 30 sec, annealing at 50 °C for 30 sec and
extension at 72 °C for 60 sec and 20 cycles, followed by final extension at 72 °C for 10 min. The
25 pL PCR reactions were performed with a final concentration of 50-70ng/p.L template DNA,
10 mM of each primer (HaemF, HaemR2), 200 uM dNTPs (Fermentas), 2.5 mM magnesium chlo-
ride (MgCl) (Finnzymes), and one unit of Firepol DNA Polymerase (Solis Biodyne). Positive and
negative controls were also used. PCR products were evaluated by running onto 2% agarose gels
stained with ethidium bromide. For amplification of segments of Leucocytozoon, primer pairs of
HaemNF1, HaemNR3, HaemFL and HaemR2L were used according to HELLGREN et al. (2004).
PCR conditions were the same as above. (4) To determine the role of Trypanosoma spp., we used
their presence/absence in the blood. Extracted DNA was used in nested PCR reactions to amplify
small subunit (SSU) rRNA fragments, according to a protocol modified from SEHGAL et al. (2001).
New primers for a second round of the nested PCR reaction were designed for this study to
increase fragment size of the sequences from 326 to 770 bp. The first set of primers was Tryp763
(59-CATATGCTTGTTTCAAGGAC-39) and Tryp1016 (59-CCCCATAATCTCCAATGGAC-39), and the
second set was Tryp99 (59-TCAATCAGACGTAATCTGCC-39) and Tryp957 (59-CTGCTCCTTTGT
TATCCCAT-39). The cycling profile conditions were as follows: initial denaturation at 95 °C for
5 min, followed by five cycles at 95 °C for 1 min, 45 °C for 30 sec, and 65 °C for 1 min, followed
by 35 cycles at 95 °C for 1 min, 50 °C for 30 sec, 72 °C for 1 min, and then a final extension at
65 °C for 10 min. We used 2 L of the first PCR product as the template for the second PCR. The
reaction conditions using the second primer set were as follows: initial denaturation at 96 °C for
3 min, followed by 25 cycles at 96 °C for 30 sec, 58 °C for 1 min, 72 °C for 30 sec, and then a
final extension at 72 °C for 7 min (VALKIUNAS et al. 2011). (5) For each female, we also determined
occurrence of Coccidia spp. in the faeces collected after 16:00. Since 100% of females were infested
with Coccidia spp., we excluded this variable from the analyses. (6) Start of egg laying has been
noted as an indicator of female quality (e.g. HOI & HOI-LEITNER 1997; GLADBACH et al. 2010); we
therefore also used timing of egg laying in terms of the date when the collected (third) egg was
laid and used the appropriate Julian date in the analyses. Since high quality females may start lay-
ing earlier, we expected a negative relationship between Julian date and egg colour measurements.
(7) Additionally, we used clutch size as an indirect indicator of female quality (HO1 & HOI-LEITNER
1997; MCCLEERY et al. 2008; GLADBACH et al. 2010). We predicted a positive relationship with
egg colouration. As we had removed one egg, we used original clutch size (number of laid eggs)
for the analyses.
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Egg quality measurements

The egg quality of the third egg of each of 80 clutches was determined. To do this, we
measured: (1) egg size; (2) egg weight; (3) yolk weight; (4) estimated antimicrobial egg white
lysozyme activity; and (5) estimated egg-yolk testosterone concentration for each egg. (1) Egg size
(egg length and maximal width) was measured to the nearest 0.01 mm with an electronic caliper,
immediately after egg removal. (2) Fresh egg weight was determined to the nearest 0.0001 g, using
an electronic balance, about 3 hr after sampling. (3) Eggs were frozen for about 1 month. For
the analyses, eggs were defrosted and egg yolks were carefully dissected from thawing albumen.
Frozen yolks were weighed and both egg white and yolk were then stored at — 80 °C until lysozyme
and testosterone analyses. Eggshells were rinsed under warm distilled water and dried at room
temperature for later colour measurements. (4) For the antibacterial activity analyses we prepared
the albumen samples. They were collected into pre-weighed 2.0-mL reagent tubes. Each tube with
albumen sample was weighed and albumen was lyophilised. Lyophilised powder was subsequently
dissolved in 200 pL of distilled water and the obtained albumen solution was used for determi-
nation of antibacterial activity. Radial diffusion assay was used in order to evaluate antibacterial
activity of albumen samples. In brief, one bacterial colony from an overnight agar plate culture
of Micrococcus luteus CCM 410 (Czech Collection of Microorganisms, Brno, Czech Republic) was
suspended in phosphate buffered saline (PBS) and the suspension turbidity was adjusted to 108
CFU/mL. One-hundred pL aliquot of suspension was inoculated into 10 mL of melted Luria broth
(LB) containing 0.9 % (w/v) agar pre-heated at 48 °C and poured into 90-mm Petri dishes. After
solidification, 5 mm-diameter wells were punched into LB agar and 5 pL of sample was added
to each well. The antibacterial activity of examined samples was compared on the basis of the
radius of clear inhibition zone around the well against standard solutions of a chicken egg white
lysozyme (Sigma-Aldrich, UK) after 24 hr of incubation at 37 °C. Antibacterial activity of albu-
men samples was expressed as concentration of egg-white lysozyme of equivalent activity. Results
given represent mean values from duplicate measurements of each independent sample. The two
repeated measurements are highly repeatable (R = 0.93, P < 0.0001, df = 1, 80). (5) Yolk T concen-
trations were determined by radioimmunoassay after yolk steroid extraction (OKULIAROVA et al.
2010). Sub-samples of 40-45 mg yolk were diluted in 500 wL of deionised water and vortexed with
the addition of two glass beads for 3 min. Approximately 1500-2000 dpm of [*H]-testosterone
were added to each sample for individual recovery calculation (mean + SE: 55.0 4 0.8%). Samples
were equilibrated overnight at 4 °C. Thereafter, they were applied on solid phase columns filled
with Extrelut NT (Merck, Darmstadt, Germany) and extracted with 2 x 2 mL and 1 x 1 mL of a
mixture of diethyl ether and petroleum ether (7:3). Following evaporation under a stream of nitro-
gen, dried extracts were reconstituted in 300 nL of phosphate buffer (pH = 7.5) and frozen until
T assay. Yolk T concentrations were measured in 10 pL aliquots of the extract using [1,2,6,7->H]-
testosterone (Amersham Biosciences, UK, specific activity 3.52 TBq/mmol) and a specific antibody
generated in rabbits against testosterone-3-(carboxy-methyl) oxime bovine serum albumin conju-
gate. Cross reactivity of antiserum was 9.6% with 5a-dihydrotestosterone, and lower than 0.1%
with other steroids (ZEMAN et al. 1986). All samples within each year were run in a single assay
with intra-assay variation coefficients 7.6% and 2.2%, respectively.

Egg colour determination

To examine the role of eggshell colouration we determined four colour variables (see below).
Since spottiness is not evenly distributed on the egg surface, we measured these variables at
the blunt pole (B) and the centre of each egg (C) using spectrometry. The results revealed that
brightness and hue are not correlated between the blunt pole and the egg centre (for both P > 0.3).
However, measurements of Chroma and UV-Chroma are highly correlated between the two
positions on the egg (for Chroma: » = 0.91, P < 0.0001, n = 82; for UV-Chroma: r = 0.87, P < 0.0001,
n = 82).

Eggshell colouration of each egg was measured using a USB-2000 spectrometer and a
DHS-2000-FHS deuterium halogen lamp, connected through a bifurcated fibre-optic probe (Ocean
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Optics, Eerbek, The Netherlands). To exclude disturbance by external light sources and in order
to maintain standardized distance and angle (90°), a black rubber cylinder was fitted on the top
of the probe. Before each measurement, the spectrophotometer was recalibrated with a standard
white (Avantes, Eerbek, The Netherlands); for calibration with black, the probe was removed from
the light source and the cap of the plug closed. Standard descriptors (brightness, hue, Chroma
and UV-Chroma) of reflectance spectra were used for quantification of colours. Since spottiness
may not be evenly distributed over the whole egg surface, different parts on the egg surface may
vary in importance from each other regarding information content, or may even provide differ-
ent information (POLACIKOVA & GRIM 2010; POLACIKOVA et al. 2010). Measurements were taken
from five spots (with a diameter of 1 mm) on the blunt pole and the central part of each egg. The
five measurements showed a high repeatability (for all colour descriptors on the blunt and cen-
tral part: R > 0.85, P < = 0.001). Calculations were carried out for reflectance in the 300-700 nm
range. Mean brightness was calculated as the mean summed reflectance (R3gp — 700 nm)- Thus
brightness can be seen as the amount of light reflected by the sample in relation to the amount of
light reflected by the white standard. Chroma was calculated as the difference between the highest
and lowest reflectance divided by the average reflectance [(Rmax — Rmin)/Raverage)]. To quantify the
UV-reflectance of each egg, we used the variable UV-Chroma, which is defined as the proportion
of UV-reflectance over total reflectance (R30p — R400/R300 — R700) (DELHEY et al. 2006; ROBERTS
et al. 2009; GRIGGIO et al. 2009, 2010). Hue was calculated as the wavelength at peak reflectance
[A (Rmax)] for reflectance in the 300-700 nm range. Range for hue at the blunt pole varied between
300.3 and 698 and at the egg centre between 302.1 and 696.9.

Statistical analyses

Backward stepwise regression analysis was used to examine which of the egg quality and
female quality parameters (P to remove > 0.05) were related to any of the four colour variables
derived from our eggshell colour measurements. Regression models were performed separately for
colour measurements taken from the blunt pole and the central region, using the four colour vari-
ables as dependent variables, respectively. Partial correlation coefficients were shown to determine
the direction and strength of each relationship between pairs of variables separately. Whenever
repeated measurements were taken their reliability was tested using the repeatability analyses
(LESSELLS & BOAG 1987).

The importance of haemosporidian blood parasites and Trypanosoma spp. to eggshell pig-
mentation was examined by comparing the four eggshell measurements (dependent variable) for
females infested or not infested with any of the parasites using an analysis of variance with haemo-
sporidian blood parasites (yes/no) and Trypanosoma (yes/no) as independent factors. Since all
females (100%) were infested with Coccidia spp. (Isospora) we excluded this variable from the
analyses. For most variables we found no variation (P > 0.1) between years. For those variables
which revealed a significant year effect (P < 0.05) we controlled for year differences using mean
adjustments [mean for year 1 + (mean for year 1 — mean for year 2)]. Mean year adjustment was
done for lysozyme and testosterone concentration, egg yolk weight and clutch size. Lysozyme was
additionally corrected for clutch size. Therefore lysozyme concentration (dependent variable) was
correlated to number of eggs/clutch (independent variable). The residual variance not explained
by clutch size was further used in the analyses.

RESULTS
Egg colouration and female quality
When examining eggshell colouration at the blunt pole, no variable of female

quality entered a stepwise regression model for any of the four colour variables,
respectively (for hue, Chroma and UV Chroma, P > 0.2). Female tarsus length
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approached significance only for brightness (stepwise regression model: F = 2.64,
R? _ 0.33, P = 0.07, df = 1, 80). The partial correlation coefficient indicated a positive
relationship between brightness and female tarsus length (#,,» = 0.34, P = 0.08).

Examining colouration of the central eggshell region, we found Chroma (F = 4.12,
R? =0.37, P =0.049, df = 1, 80) and UV Chroma (stepwise regression model: F = 3.86,
R? = 0.23, P = 0.034, df = 1, 80) to be related to female tarsus length. The partial
correlation coefficient indicated a positive relationship between Chroma and female
tarsus length (p,+ = 0.37, P = 0.04) and a positive relationship between UV Chroma
and female tarsus length (7, = 0.41, P = 0.03). No female quality indicator entered the
regression model using brightness and hue as dependent variables (for both, P > 0.7).

Females infested or not infested with haemosporidian blood parasites did not
vary in egg colouration for the blunt pole as well as the central eggshell region (for
all P > 0.5), using season as covariate, with the same being true for Tivpanosoma spp.
infestation for both egg regions (P > 0.3).

Egg colouration and egg quality

Examining egg colour variables at the blunt pole, egg quality variables entered
the stepwise regression model only for brightness: F = 4.05, R = 0.24, P = 0.013,
df = 3, 80. In fact, three variables, yolk weight (#,,; = — 0.30, P = 0.047), testosterone
concentration (r,,; = 0.33, P = 0.026, Fig. 1) and lysozyme (#,,» = — 0.28, P =
0.049, Fig. 2), significantly entered the model, whereby yolk weight and lysozyme
were negatively related to brightness, but testosterone concentration was positively
related to brightness. However, no egg quality variable significantly entered a regres-
sion model examining hue (P > 0.1), Chroma (P > 0.5) and UV Chroma (P > 0.6) at the
blunt pole.

When examining hue at the central region of the egg, two egg quality variables
entered the stepwise regression model (F = 2.98, R> = 0.15, P = 0.05, df = 2, 80).
We found a negative relationship between hue and yolk weight (#,,,,; =—0.28, P = 0.049),
and between hue and lysozyme (1, = - 0.29, P = 0.045). When using UV Chroma, one
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variable entered the stepwise regression model (F = 4.19, R?> = 0.12, P = 0.045, df =
1, 80). UV Chroma was positively related to egg size (r,,; = 0.34, P = 0.045). However
brightness (P > 0.8) and Chroma (P > 0.7) were not related to any egg quality variable.

DISCUSSION

An earlier study on reed warblers revealed high variation in eggshell pigmenta-
tion between years, depending on environmental factors such as temperature and rain
(AVILES et al. 2007). Assuming that these environmental variables directly affect female
condition (e.g. nutritional availability), egg colouration would consequently be an indi-
cator for female condition. However our results do not support this assumption and
suggest instead that female quality, in terms of condition, seems not to be reflected
in eggshell pigmentation. In fact, we found evidence contradicting the assumption
that eggshell pigmentation signals female condition. There is no evidence regarding
female blood parasite infection. To our knowledge, no study has yet investigated the
relationship between egg colour and blood parasites. However, some studies have
found detrimental effects of haemosporidian blood parasites on female condition and
reproductive success (KNOWLESS et al. 2010). TOMAS et al. (2006) found an effect of
Trypanosoma on behaviour and immune capacity in blue tits Cyanistes caeruleus, and
cases of a marked negative impact on wild birds, including morbidity and mortality,
have also been documented (MOLYNEUX & GORDON 1975; MOLYNEUX et al. 1983).
In our reed warblers, more than half (52%) of females were infested with one or more
of the three haemosporidian blood parasites and 82% with Tiypanosoma, but both avian
malaria and Trypanosoma infection did not seem to be reflected in egg colour variation,
and presence or absence of parasites did not affect female condition [analysis of vari-
ance (ANOVA): haemosporidian blood parasites: F = 0.04, P > 0.8, or Trypanosoma: F =
1.08, P > 0.3 and there is also no interaction effect between the two F = 0.04, P > 0.8,
df =1, 15].
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Assuming that female clutch size is an indicator of female quality, one would
expect a positive relationship between clutch size and eggshell pigmentation, meaning
that better females should produce larger clutches with more colourful eggs. Such a
positive relationship between clutch size and the proportion of bluish eggs and spot pat-
terns was found in house sparrows Passer domesticus (LOPEZ DE HIERRO & DE NEVE
2010). However, similar to CASSEY et al. (2008), we did not find a relationship between
egg pigmentation and clutch size for our reed warbler females. If egg pigmentation is
costly, one would additionally expect that intraclutch variation should decrease with
clutch size. Unfortunately, we were unable to derive any evidence in that respect, since
we collected only one egg (third egg) from each clutch.

Several studies report a positive relationship between female condition and egg
colouration (MORALES et al. 2006; SIEFFERMAN et al. 2006; MARTINEZ-DE LA PUENTE
2007).

We found no relationship between residual body weight (a measure for female
condition) and eggshell pigmentation in reed warbler. Thus, in conclusion there is no
evidence for eggshell pigmentation signalling female quality in terms of condition.

There is evidence that eggshell colouration is under genetic control (GOSLER et al.
2000; MORALES et al. 2010) and, according to MORENO & OSORNO (2003), eggshell
colouration could also signal female genetic quality. In line with these findings we
found a positive relationship between tarsus length and several eggshell colour mea-
surements. Thus, bigger females tend to lay brighter eggs with eggshell colouration at
the blunt pole, with Chroma and UV Chroma at the egg centre being positively related
to body size. These suggest genetic quality differences rather than condition-dependent
distribution of colour substances.

Thus, the question that arises is: what drives between-year variation in egg
colouration in reed warblers in relation to climate variables such as temperature or
rain (AVILES et al. 2007)? Colouration itself might be important to tolerance to over-
heating from solar radiation (GOSLER at al. 2005; MAGIGE et al. 2008) or similar, or the
risk of bacterial infection of eggs may increase with humidity: eggshell pigments show
a photodynamic antibacterial activity against gram-positive bacteria (ISHIKAWA et al.
2010). To increase antimicrobial activity in humid years, females may also increase
lysozyme concentration in the egg white, which may also be reflected in egg colour.
Females may therefore vary their investment in egg colour as a direct or indirect
response to these environmental needs, but without this investment being a handicap
(ZHAO et al. 2006). If egg colour substances are synthesized in the shell gland, it may
not necessarily constitute a handicap. Furthermore, lysozyme production may not be
that costly (SHAWKEY et al. 2008).

A compatible assumption for female quality to be involved in the “sexually
selected egg colour” hypothesis is that egg colouration signals egg instead of female
quality (MORENO et al. 2004; MORALES et al. 2006) or maybe both. A lack of evidence
for a missing link between egg colour and female attributes does not of course imply
that egg quality is independent of female quality. Eggs are entirely produced by the
females and egg quality therefore is certainly somehow an extension of female quality.

Evidence that eggshell colouration is reflected in egg compounds is also found in
other studies. For example, eggshell colour intensity was found to be positively related
to the concentration and amount of carotenoids, vitamin E and other antioxidants in
the yolk (NAVARA et al. 2006a; HARGITAI et al. 2010), and a positive association was
found between egg colour and yolk lutein concentration (HARGITAI et al. 2008). In reed
warblers, we found that brightness of colour on the egg blunt pole was positively cor-
related with testosterone levels in the egg yolk. This suggests a negative correlation



Downloaded by [Jan Kristofik] at 00:46 31 May 2013

138 J. Kristofik et al.

between biliverdin and testosterone. On the contrary, a positive relationship between
yolk testosterone concentrations and the amount of biliverdin in the eggshell was found
in the spotless starling (LOPEZ-RULL et al. 2008). Testosterone is an important egg com-
ponent. It is known that females may deposit more testosterone into the eggs when
mated with more attractive males (GIL et al. 1999, 2006; LOYAU et al. 2007). However,
there is divergent evidence on the benefits to offspring of yolk androgens. Yolk andro-
gens, for example, may increase nestling begging behaviour in some species (SCHWABL
1996; EISING & GROOTHUIS 2003), and begging may increase the male contribution to
the feeding rate (OTTOSSON et al. 1997). In contrast, yolk androgens may have detri-
mental effects on nestling growth and survival, especially reducing immune capacity
(SOCKMANN & SCHWABL 2000; GIL 2003; GROOTHUIS et al. 2005), and some studies
have shown a negative effect of yolk androgens, but only on male chicks (MULLER et al.
2005; SAINO et al. 2006).

We also found a relationship between egg colouration and lysozyme concentra-
tion in the egg white. Lysozyme is an important substance, showing an antibacterial
function. It enhances phagocytic activity and stimulates monocytes (WELLMAN-
LABADIE et al. 2007), and might have positive consequences, in particular for early
post-hatching survival (PRUSINOWSKA et al. 2000).

Interestingly, in contrast to yolk testosterone, lysozyme concentrations decreased
with increasing brightness on the egg blunt pole. This could be a consequence of female
allocation strategies. It is known that female allocation of testosterone and lysozyme in
the egg varies with laying order. For example, MADDOX et al. (2008) and LOPEZ-RULL &
GIL (2009) showed that yolk testosterone increases with laying order, whereas lysozyme
declines with laying order (SAINO et al. 2002; BONISOLI-ALQUATI et al. 2010).

Besides the fact that the same colour may provide information about the concen-
tration of different egg components, we also found that colouration can signal different
information depending on the different parts of an egg. For example, the yolk weight,
which may indicate the nutritional status of an egg, is reflected by hue on the central
part of an egg.

A morphological egg characteristic was also reflected by a colour variable at the
egg centre, namely egg size, which correlated with the UV Chroma at the centre of the
egg. In this case, colour may work as an amplifier of egg size and content as egg size
and yolk weight are positively correlated (R = 0.44, P = 0.001, df = 48).

Thus, in principle, egg colouration may have a multiple signalling function.
However, the question remains as to whether the relationships we found (1) can be
recognized and (2) have any meaning for the birds. Further investigations would there-
fore be essential to clarify whether or not birds are able to perceive the information
provided by the eggs.

In conclusion, egg colour in the study species seems to reflect some aspects of
female and/or egg quality but not others. Thus it partly supports the prediction of the
signalling function. It may depend on the reproductive strategy a female follows in rela-
tion to environmental factors (AVILES et al. 2007) or mate quality (BURLEY 1988). It is
known that females may allocate resources depending on male attractiveness (SAFRAN
et al. 2008; D’ALBA et al. 2010; MARTINEZ-PADILLA et al. 2010) or alternatively to
compensate for low male quality (NAVARA et al. 2006a, 2006b; BOLUND et al. 2009).
Allocation strategy may also depend on the need for paternal care; for example, high-
quality females may be more independent from male parental investment and hence
may invest less in egg pigmentation. Low-quality females, in contrast, may overpro-
portionally invest in egg pigmentation (HARGITAI et al. 2008) in order to recruit male
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parental investment. Therefore, to what extent egg quality may also reflect male quality
remains a subject for further investigation.
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