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The differential allocation hypothesis predicts that females modify their investment in a breeding

attempt according to its reproductive value. One prediction of this hypothesis is that females will

increase reproductive investment when mated to high-quality males. In birds, it was shown that females

can modulate pre-hatch reproductive investment by manipulating egg and clutch sizes and/or the con-

centrations of egg internal compounds according to paternal attractiveness. However, the differential

allocation of immune factors has seldom been considered, particularly with an experimental approach.

The carotenoid-based ornaments can function as reliable signals of quality, indicating better immunity

or ability to resist parasites. Thus, numerous studies show that females use the expression of caroten-

oid-based colour when choosing mates; but the influence of this paternal coloration on maternal

investment decisions has seldom been considered and has only been experimentally studied with arti-

ficial manipulation of male coloration. Here, we used dietary carotenoid provisioning to manipulate

male mallard (Anas platyrhynchos) bill coloration, a sexually selected trait, and followed female invest-

ment. We show that an increase of male bill coloration positively influenced egg mass and albumen

lysozyme concentration. By contrast, yolk carotenoid concentration was not affected by paternal

ornamentation. Maternal decisions highlighted in this study may influence chick survival and

compel males to maintain carotenoid-based coloration from the mate-choice period until egg-laying

has been finished.

Keywords: maternal investment; yolk carotenoid concentration; egg mass; albumen lysozyme

concentration; paternal ornamentation; carotenoid-based coloration
1. INTRODUCTION
Life-history theory predicts that individual females might

modulate their investment in a particular breeding

attempt according to its reproductive value because a

trade-off may exist between current and future reproduc-

tion [1]. One trait that females may use to adjust current

effort is the quality of its mate. One prediction of this

‘differential allocation’ hypothesis (DAH, [2,3]) is that

females will increase reproductive investment when

mated to high-quality males. In a classic study, Burley

[4] showed that female zebra finches (Taeniopygia guttata)

paired to males with increased attractiveness produced

more sons, the more beneficial sex to produce. Such an

adjustment prioritizes the fitness of offspring in a current,

valuable reproductive bout, given that the prospects for
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future survival or optimal mate quality or environmental

conditions are comparatively much less certain.

When differentially apportioning reproductive effort

by mate quality, there are several putative aspects of

breeding that could be adjusted. The most obvious dis-

tinction is between pre-hatch (or birth) and post-hatch

investments—namely whether embryonic, clutch or

brood discrimination occurs at the level of the gamete,

the physiological investments prior to hatch or birth, or

behavioural adjustments that parents can make for live

young. In birds, it was shown that females can modulate

pre-hatch reproductive investment by manipulating egg

and clutch sizes or the concentration of egg internal

compounds [5–8] according to paternal attractiveness

(see [9] for a review). However, the differential allocation

of immune factors in the eggs according to paternal

quality has seldom been considered, particularly with an

experimental approach [10,11].

The sexual signals displayed by mates are often

recognized as the most salient cues used by females to

make differential allocation decisions. These include
This journal is q 2010 The Royal Society
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body size, song parameters, as well as coloration. After

melanins, carotenoids are the second most prevalent pig-

ments in the avian integument and determine yellow to

red colour of many bird signals [12]. In addition, caroten-

oid pigments are involved in different physiological

processes such as antioxidant and immuno-enhancing

activities [12–17]. Thus, growing evidence suggests that

individuals face a trade-off concerning the allocation

of carotenoid pigments between immune function and

ornamentation, which ensures the honesty of carotenoid-

based sexual signals [18–21]. In this context, numerous

experimental studies have been published on the signal-

ling function of carotenoid-based coloration during the

mate choice period (review in the study of Hill [22];

[23,24]), but the potential role of this coloration in

maternal investment decisions has seldom been con-

sidered [4,7]. Moreover, the role of sexual attractiveness

has only been experimentally considered with the use of

artificial methods like coloured rings or markers for

manipulating male carotenoid-based coloration and

signals [2,6,7]. Follow-up studies, where researchers

manipulate male carotenoid-based coloration within the

natural range of coloration, would constitute a more

natural test of the DAH [25].

The aim of this study was to test whether captive

female mallards (Anas platyrhynchos) adjust current repro-

ductive investment according to the carotenoid coloration

of its mate. Male mallards have a bright yellow bill that

contains carotenoid pigments [26–28], and females

prefer to mate with males displaying yellower bills

[29,30]. We used dietary carotenoid supplementation to

experimentally manipulate male carotenoid bill coloration

and randomly allocated a supplemented or unsupple-

mented male to each female for the entire first clutch.

For the second clutch, we applied the same procedure

by randomly allocating a different male, supplemented

or not, to each female. This balanced experimental

design allowed us to control for any individual variation

in maternal reproductive investment that was not owing

to mate quality (sensu [6,31]). From collected eggs, we

quantified yolk carotenoid concentration and albumen

lysozyme concentration as response variables, since

these two egg parameters have been shown to influence

chick development and survival [10,11,32,33]. Lysozyme

is a major component of maternal innate antibacterial

immunity transferred to the eggs in birds [11,34]. This

enzyme acts by digesting bacterial walls [35–40]. Yolk

carotenoids are crucial for the development of the

embryonic immune system, given their potential protec-

tive role against oxidative stress during the first stages of

life [41,42]. In addition, we considered clutch and egg

size as an index of maternal investment. In mallards,

where there is no parental food provisioning after hatch,

increasing egg size improves offspring survival by

producing heavier progeny [8].

As female mallards are known to increase egg size

according to paternal attractiveness (as determined by

female preference during mate choice trials; [8]), we

predicted that females would lay bigger eggs when

paired with supplemented males than with unsupple-

mented ones. In addition, based on the DAH,

we predicted that females paired to more coloured

males would deposit more carotenoids and lysozyme in

their eggs.
Proc. R. Soc. B
2. METHODS
Experiments were carried out at the Centre d’Etudes Biolo-

giques de Chizé (CEBC) in Western France, using 40 adult

duck pairs descended from individuals caught in the wild

in three different areas. Birds were kept in semi-captive con-

ditions (grassland of 800 m2) for at least 3 years before the

experiments, and were therefore accustomed to their aviary

environment. Individuals were fed with an ad libitum diet

of water and a mixture of crushed corn, wheat and commer-

cial duck food. Experiments were carried out in accordance

with French veterinary services.

(a) Carotenoid provisioning

During the mate-choice period (i.e. three months before

breeding, January), 40 males were randomly assigned to

one of the two treatment groups: carotenoid-supplemented

(n ¼ 20) or controls (n ¼ 20). Supplemented birds received

2 ml of a carotenoid mixture (Oro Glo liquid, 11 mg ml21

lutein and zeaxanthin; Kemin France SRL, Nantes) every 3

days during two weeks (six treatments) using a plastic syringe

that we inserted into their mouth. Unsupplemented birds

received the same quantity of water with the same method.

In a pilot study, we found that the quantity of carotenoids

received by the treated group is the minimum required to

observe a significant change in bill coloration one week

after the end of the feeding period by spectrophotometry

(M. Giraudeau, C. Duval, V. Bretagnolle & P. Heeb 2008,

unpublished data). This carotenoid mixture was chosen

because carotenoids present in the bill consist of lutein

(the largest fraction) and approximately equal fractions

zeaxanthin and 3-dehydrolutein [28].

Birds were captured the day before the beginning, 4 days

after the end, and 10 weeks after the end of the supplemen-

tation for weighing and blood sampling. We drew 500 ml of

whole blood from each bird through the alar vein with a

heparinized syringe and immediately placed the sample on

ice until centrifugation (10 000g for 3 min). Plasma was

then frozen at 2808C for later analysis.

(b) Bill colour scoring and analyses

We scored bill colour 1 day before the beginning of the caro-

tenoid supplementation and 10 weeks after the end of this

treatment (before the breeding experiment). Bill colour was

measured between 300 and 700 nm using an S-2000 spectro-

photometer with a DH-2000-FHS deuterium-halogen light

source (Ocean Optics, Eerbek, The Netherlands). Inclusion

of the ultraviolet (UV; 320–400 nm) is necessary since

ducks are sensitive to UV light [43]. The probe was held at

a 908 angle to the bill and reflectance was measured

on three different standardized spots under the nostril.

Reflectance was calculated relative to a white standard and

the three spectra obtained for each bird were averaged

and summarized over 1 nm steps. From these spectrum

measurements, we extracted hue, chroma, UV-chroma and

brightness as response variables to assess variation in true

coloration (see Loyau et al. [44] for a full description of

these colour variables). Computations were conducted with

the AVICOL software [45].

(c) Effects of bill colour on egg investment

To examine the effects of male carotenoid provisioning on

maternal investment, we used the same experimental

design as Cunningham & Russell [8]. Briefly, females were

housed individually in a pen of 6 m2 for about two weeks.

Then, females were assigned one male for their first clutch;

http://rspb.royalsocietypublishing.org/


Table 1. Differences in mallard bill coloration between carotenoid-supplemented (CS) and unsupplemented (U) males

before the supplementation and 10 weeks later (before breeding, d.f. ¼ 38).

t mean (s.e.)CS/U n p

start of the experiment

brightness 21.04 5111(411)/5772(488) 20/20 0.3
hue 1.58 531(1.9)/528(1.9) 20/20 0.12
chroma 1.52 2.43(0.08)/2.29(0.05) 20/20 0.14
UV-chroma 21.16 0.07(0.01)/0.08(0.01) 20/20 0.25

before breeding

brightness 22.54 4662(240)/5706(331) 20/20 0.01
hue 1.96 530(1.8)/516(10) 20/20 0.05
chroma 3.23 2.4(0.07)/2.07(0.07) 20/20 0.002
UV-chroma 22.52 0.09(0.01)/0.15(0.02) 20/20 0.02
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20 females received a carotenoid-supplemented male and 20

an unsupplemented one. Pairs were housed together in hold-

ing pens until females had finished laying their entire clutch.

Eggs were collected each day and replaced with a dummy egg

to induce females to lay a normal clutch. All the eggs of the

clutch were weighed. The first egg of each clutch was split

open in a sterile Petri dish. Then, yolk and albumen were

separated in two different Petri dishes and each of them

was thoroughly mixed. Finally, we sampled 2 ml of albumen

and yolk and immediately froze (2808C) them until the

determination of yolk carotenoid concentration and albumen

lysozyme concentration.

After females had completed laying and males were

removed, females then stayed alone for at least 17 days,

the longest period a female mallard has been recorded to

store sperm [46], so that all offspring in the second clutch

were expected to be fathered only by the second male. For

the second clutch, we randomly assigned another sup-

plemented and unsupplemented male to each female and the

same procedure was followed during egg-laying and collection.

Thus, 10 females were subjected to each of the four possible

combinations of mates (i.e. supplemented then supplemented,

control then control, supplemented then control or control

then supplemented).

(d) Assessment of egg compounds

To measure albumen lysozyme concentration, we used the

lysoplate assay method of Osserman & Lawlor [47]: 25 ml

of albumen was inoculated in the test holes of a 1 per cent

agar gel (A5431, Sigma) containing 50 mg per 100 ml lyo-

philized Micrococcus lysodeikticus (M3770, Sigma) bacteria,

which is particularly sensitive to lysozyme concentration.

Crystalline hen egg white lysozyme (L6876, Sigma) was

used to prepare a standard curve in each plate. Plates were

incubated at room temperature (25–278C) for 18 h; during

this period, a zone of clearing developed in the area of the

gel surrounding the sample inoculation site as a result of bac-

terial lysis. The diameters of the cleared zones are

proportional to the log of the lysozyme concentration. This

area was measured by using digital callipers and converted

on a semi-logarithmic plot into hen egg lysozyme equivalents

(expressed in microgrammes per millilitre) according to the

standard curve [48].

Methods for plasma and yolk-carotenoid extractions and

high-performance liquid chromatography analyses follow

those described in McGraw et al. [49].
Proc. R. Soc. B
(e) Statistical procedures

As we weighed all eggs in each clutch, we used mean egg

mass per clutch for the analyses using egg mass. We log-

transformed yolk carotenoid concentration and albumen

lysozyme concentration data to normalize them. To analyse

maternal investment parameters (mean egg mass per

clutch, clutch size, yolk carotenoid concentration and albu-

men lysozyme concentration), we performed generalized

linear models with treatment of the male allocated to the

females (supplemented or not), clutch order (clutch 1 or 2)

and the interaction clutch order � male treatment as a

fixed factor, female was included as a random factor. Finally,

to test if egg parameters covaried, we have tested correlations

between egg mass, albumen lysozyme and yolk carotenoid.

Data were analysed using STATISTICA 6.0 software (Statsoft,

Tulsa, OK, USA).
3. RESULTS
(a) Plasma carotenoid concentration and bill

coloration

Before carotenoid provisioning, supplemented and

unsupplemented birds did not differ in mass (d.f. ¼ 38,

t ¼ 0.76, p ¼ 0.45) or tarsus length (d.f. ¼ 38, t ¼ 0.34,

p ¼ 0.74). Repeated-measures analysis of variance

revealed no effect of carotenoid provisioning on body

mass (F1,38 ¼ 0.9, p ¼ 0.35).

Plasma carotenoid concentrations were not significantly

different between supplemented and unsupplemented

males at the start of the experiment (d.f. ¼ 38, t ¼ 0.37,

p ¼ 0.71). Repeated-measures revealed that the amounts

of circulating plasma carotenoids were not significantly

affected by the supplementation (treatment � change in

carotenoids interaction: F1,36¼ 1.01, p ¼ 0.33). This

absence of difference of plasma carotenoids concentration

between our two groups of birds only 4 days after the end

of the treatment suggests that we did not give pharmaco-

logical dosage of carotenoid during supplementation.

Ten weeks after the end of the supplementation, before

the maternal investment experiment, no significant differ-

ence of plasma carotenoids was detected between the two

groups of males (d.f. ¼ 38, t ¼ 21.37, p ¼ 0.18).

Before the carotenoid supplementation, males of the

two groups did not differ significantly in the four variables

of coloration measured (all tests p . 0.1; table 1).

Carotenoid supplementation had the expected effect of

http://rspb.royalsocietypublishing.org/
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Figure 1. Maternal investment according to male treatment (carotenoid-supplemented (black bars) and unsupplemented

males (grey bars)) during the two clutches (mean+ s.e.). (a) Egg mass, (b) clutch size, (c) yolk carotenoid concentration,
and (d) albumen lysozyme activity.

Table 2. Effect of carotenoid provisioning on maternal

investment in eggs in captive breeding mallards.

maternal investment
variable F1,75 p

clutch size male treatment 0.03 0.69
clutch order 8.6 ,0.001
male treatment � clutch

order
0.06 0.73

mean egg
mass

male treatment 3.90 0.05
clutch order 2.74 0.1
male treatment �clutch

order
0.68 0.41

albumen
lysozyme

male treatment 3.97 0.02
clutch order 0.1 0.98
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creating two groups of male mallards that differed signifi-

cantly in their bill coloration before the maternal

investment experiment. Supplemented birds had signifi-

cantly lower scores of bill brightness and UV-chroma

and significantly higher scores of chroma and hue than

unsupplemented birds (table 1).

Thus, supplementation did not result in increased

blood carotenoid levels only 4 days after supplementation

and yet resulted in increased bill coloration when

measured 10 weeks later. Two mechanisms could explain

these results. First, absorbed carotenoids were transferred

to storage organs and later released in bill tissue. Second,

only 4 days after the end of the carotenoid provisioning,

absorbed carotenoids were taken up directly and

completely by binding proteins in bill tissue.
male treatment � clutch

order

0.76 0.43

yolk
carotenoid

male treatment 0.0001 0.87
clutch order 15.98 ,1024

male treatment � clutch
order

1.04 0.52
(b) Maternal investment

(i) Egg mass and clutch size

During the experiment, females paired to supplemented

males produced heavier eggs than females paired to

unsupplemented ones (figure 1a). Moreover, the mass

of eggs laid tended to increase in the second clutch.

The interaction between male treatment and clutch

order did not affect egg mass (table 2).

The number of eggs per clutch decreased significantly

from the first (13.46 eggs per clutch) to the second clutch

(9.70 eggs per clutch), but no significant effect of male

treatment and male treatment � clutch order interaction

was found on clutch size (figure 1b and table 2).
Proc. R. Soc. B
(ii) Yolk carotenoids

We found that the concentration of carotenoids in the first

egg increased with clutch order. However, the deposition

of carotenoids in the yolk was not influenced by male

treatment (figure 1c). The interaction between clutch

order and male treatment did not significantly influence

yolk carotenoid concentration (table 2).

http://rspb.royalsocietypublishing.org/
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(iii) Albumen lysozyme

Eggs laid by females paired to supplemented males during

the experiment showed a higher lysozyme concentration

than eggs laid by females paired to unsupplemented

males (table 2). Clutch order and the male treatment �
clutch order interaction did not influence albumen

lysozyme concentration (figure 1d).

We found a significant effect of female identity on

albumen lysozyme concentration (F1,75 ¼ 2.1, p , 0.05)

and egg mass (F1,75 ¼ 3.9, p , 0.05) but not on clutch

size (F1,75 ¼ 0.5, p ¼ 0.9) and yolk carotenoid concen-

tration (F1,75 ¼ 1.18, p ¼ 0.3). Finally, we did not find

any significant correlation between mean egg mass,

carotenoid concentration and lysozyme concentration

(p . 0.15).
4. DISCUSSION
As predicted by the DAH, our study demonstrates that

female mallards modulate egg mass and lysozyme depo-

sition according to experimental manipulations of male

carotenoid-based ornamentation. In birds, and particu-

larly mallards, egg size positively influences chick mass

and survival during the few days immediately after hatch-

ing, since it reflects the overall availability of reserves for

the embryos [8,50]. Moreover, albumen lysozyme is

involved in the egg’s chemical defence, but also in

physical defence by forming a fibrous network with

other proteins [38]. Thus, a high level of lysozyme in

the albumen increases embryo antibacterial defence

during development [10,11]. By adjusting these two

egg parameters simultaneously, females may influence

offspring survival, growth and phenotype [51–54].

Recently, D’Alba et al. [55] provided the first correla-

tive investigation of differential maternal investment in

egg antimicrobial defence in relation to male attractive-

ness. Female blue tits (Cyanistes caeruleus) increased the

amount of lysozyme they transferred to their eggs when

mated to a more attractive male (higher UV-chroma).

Here, our results constitute, to our knowledge, the first

experimental demonstration of a differential allocation

of lysozyme into albumen according to paternal color-

ation. Shawkey et al. [56] proposed recently that a

trade-off between egg and blood immunity may not

exist concerning this enzyme for two reasons: (i) egg

and adult lysozyme are produced by different, specialized

cells [57–59], and (ii) production and deposition of anti-

microbials may be less costly than deposition of other yolk

factors, such as carotenoids, antibodies and hormones

(calculations from Tristam [60]). However, our data

show that the deposition of this antibiotic in albumen is

probably beneficial enough in some aspect(s) that females

differentially allocate it according to the perceived value of

one’s mate and the associated reproductive bout. More

studies are now needed to determine the immune and

energetic costs and benefits of depositing varying

amounts of lysozyme into eggs.

Contrary to our predictions, we did not find any effect

of paternal coloration on yolk carotenoid concentration.

At least two hypotheses could explain these results.

First, paternal carotenoid-based coloration may not influ-

ence female allocation of carotenoid into eggs in mallards.

Futures studies should examine the importance of other

male mallard characteristics like plumage coloration on
Proc. R. Soc. B
the differential allocation of carotenoids into eggs in this

species. Second, several recent studies on passerine

birds showed that results differ depending on whether

yolk carotenoid concentration or quantity is considered

[61,62]. Safran et al. [61] proposed that a higher concen-

tration may increase the dose of a compound during a

given interval of embryonic development, whereas a

greater amount may mean prolonged exposure during

development. Thus, further studies should examine how

the total amount of yolk carotenoid varies according to

the experimental manipulation of male bill coloration in

mallards. We unfortunately did not weigh fresh whole

yolks in this study, so we cannot comment on total

carotenoid quantity in egg yolks of mallards here.

Our results raise the question of the functional signifi-

cance of this differential maternal investment driven by

the degree of male ornamentation in a species where

males do not provide any parental care [8]. First, male

mallards may use carotenoid-based coloration to signal

their dominance status and thereby the feeding areas

available to females and their offspring during the breed-

ing season [8]. It has been suggested in several bird

species that carotenoid-based coloration is associated

with intense male–male competition for territories

[63–67]. However, to our knowledge, this potential role

of male mallard bill coloration has not yet been studied.

Second, only males of high genetic quality or males in

good phenotypic condition may be able to develop and

maintain intense carotenoid-based displays [68,69] and

transmit genes for parasitic resistance and attractiveness

to offspring [70]. For example, in mallards, male bill

colour signals immunocompetence [28]. Thus, females

could use carotenoid-based signals to evaluate male gen-

etic quality and may invest more in those advertising good

genes for immune status or antioxidant system efficiency

[44,71,72]. Third, it was demonstrated in mallards that

male bill coloration, and particularly relative UV reflec-

tance, is negatively correlated with sperm velocity [28].

Thus, by modulating egg mass and lysozyme deposition

according to male bill UV reflectance, females may

increase their investment in a particular breeding attempt

with a more fertile male.

During our experiment, clutch order strongly influ-

enced yolk carotenoid concentration and clutch size and

tended to influence egg mass, indicating that female mal-

lards laid fewer eggs in the second clutch but produced

heavier eggs that contained higher yolk carotenoid con-

centrations. These results are in accordance with

previous studies in passerines, which found that clutch

size declines [73,74] and egg size increases [75] with

the advance of the breeding season. An explanation is

that females may produce heavier chicks with more

reserves late in the season to compensate the low

availability of food at this period [76].

In conclusion, our findings contribute to the limited

information on the deposition of immune compounds in

eggs according to paternal attractiveness. Thus, this

study provides, to our knowledge, the first experimental

demonstration of a differential allocation of lysozyme

into eggs. Deposition of lysozyme and egg masses

depended on the expression of a paternal secondary

sexual character and this may reflect adaptive maternal

strategies. In addition, we provide, to our knowledge,

the first experimental demonstration of the importance

http://rspb.royalsocietypublishing.org/
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of carotenoid-based paternal ornamentation on maternal

investment, where signals were manipulated directly by

carotenoid provisioning. Thus, mothers may alter their

investment in egg production in response to male caroten-

oid-based ornamentation, since attractive males are more

likely to sire successful offspring with attractiveness and

parasite-resistance genes.
Housing conditions and the experiment were carried out in
compliance with European legal recruitment and national
permissions (ETS123).
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