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Introduction

Offspring phenotype is influenced not only by the quality

of the environment and the expression of genes inherited

from the mother and father but also by nutrients and

other components transferred by females to the embryo.

These so-called maternal effects can shape the offspring

phenotype, potentially enhancing its fitness (Bernardo,

1996; Mousseau & Fox, 1998), and thereby playing a

crucial role in evolutionary biology (e.g. Agrawal, 2001).

For instance, recent experimental work with zebra

finches (Taeniopygia guttata) has shown that poorer

maternal nutritional state during egg formation gave rise

to offspring with lower fecundity (Gorman & Nager,

2004). Furthermore, females that suffer early environ-

mental stress as nestlings produce eggs with lower levels

of yolk testosterone and smaller offspring (Gil et al., 2004;

Naguib & Gil, 2005). This suggests that investment in

prelaying maternal effects is condition dependent and

that these maternal effects profoundly affect offspring

quality.

Recently, several studies have shown that females vary

in their deposition of maternal hormones (e.g. Groothuis

et al., 2005) and antibodies (e.g. Gasparini et al., 2001;

Hargitai et al., 2006) into their eggs, and that these

components can enhance juvenile growth (Grindstaff

et al., 2003; Groothuis et al., 2005). Maternal antibodies

are known to reduce chick susceptibility to parasites

(Gasparini et al., 2001, 2002; Grindstaff et al., 2003) and

maternal androgens to stimulate growth rate (Groothuis

et al., 2005). However, they may entail long-term costs;

androgens can limit the maturation of the immune

system (Groothuis et al., 2005; Müller et al., 2005; Uller

et al., 2005; Rubolini et al., 2006) and maternal antibod-

ies may interfere with the development of immunologi-

cal memory (Mondal & Naqi, 2001; Siegrist, 2003). The

production of higher quality offspring by mothers in

prime nutritional status during egg laying could involve

such maternal effects according to two mutually exclu-

sive hypotheses. If production of these compounds or

transfer into the eggs is costly, females in better condition
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Abstract

Mothers can improve the quality of their offspring by increasing the level of

certain components in their eggs. To examine whether or not mothers increase

deposition of such components in eggs as a function of food availability, we

food-supplemented black-legged kittiwake females (Rissa tridactyla) before and

during egg laying and compared deposition of androgens and antibodies into

eggs of first and experimentally induced replacement clutches. Food-supple-

mented females transferred lower amounts of androgens and antibodies into

eggs of induced replacement clutches than did non-food-supplemented

mothers, whereas first clutches presented no differences between treatments.

Our results suggest that when females are in lower condition, they transfer

more androgens and antibodies into eggs to facilitate chick development

despite potential long-term costs for juveniles. Females in prime condition

may avoid these potential long-term costs because they can provide their

chicks with more and higher quality resources.

doi: 10.1111/j.1420-9101.2007.01315.x



may pack more androgens and/or antibodies into their

eggs. Alternatively, females in better condition may

allocate lower amounts of androgens and/or antibodies

into their eggs to avoid the potential long-term costs to

their offspring, but may invest more in their post-

hatching growth. Two recent studies have experiment-

ally tested these hypotheses by manipulating food quality

before and during egg laying and the results are contra-

dictory. In Japanese quails (Coturnix japonica), Grindstaff

et al. (2005) found no effect of food supplementation on

the transfer of antibodies into the eggs, whereas in black-

backed gull (Larus fuscus), food supplementation reduced

the amount of maternal androgens packed into eggs

(Verboven et al., 2003). However, a recent study suggests

that black-headed gull (Larus ridibundus) females cannot

interactively allocate these yolk components (Groothuis

et al., 2006). It is therefore possible that a maternal food

supplementation experiment could affect differentially

androgen and antibody deposition into egg yolk.

To examine the relationship between maternal effects

and food availability, we performed a food-supplemen-

tation study in which a sample of female black-legged

kittiwakes (Rissa tridactyla) were provided additional fish

from 8 days prior to egg laying throughout chick rearing.

This colonial species is particularly suited for this study

because it is subject to pronounced natural variation in

food availability (Oro & Furness, 2002) and females are

known to transfer variable amounts of antibodies into

their eggs (e.g. Gasparini et al., 2001). As the earlier the

food supplementation started, the higher differences in

nutritional status could be expected, we induced the

production of a replacement clutch by collecting all eggs

once the first clutch was complete. Therefore, food

supplementation started on average 8 days before laying

of the first clutch and 27 days before laying of the

replacement clutch. We therefore predicted that, if food

supplementation influences the maternal transfer of

androgens and antibodies into the egg yolk, this effect

should be more pronounced in replacement than first

clutches.

Material and methods

Study site

The experiment was conducted in a kittiwake colony

numbering about 12 000 pairs on Middleton Island

(59�26¢N, 146�20¢W) in the northern Gulf of Alaska (Gill

et al., 2004). Birds breed on cliffs and on several artificial

structures free of ectoparasites, including an abandoned

U.S. Air Force radar tower that has been modified to

provide highly accessible nest sites for experiments such

as ours (Gasparini et al., 2006a).

In the spring of 2002, we randomly allocated pairs into

two experimental groups ‘food-supplemented’ (n ¼ 12)

and ‘non-food-supplemented’ (n ¼ 13). Food-supple-

mented adult males and females were provided capelin

Mallotus villosus (average mass ¼ 25 g) three times daily

(08:00, 14:00 and 18:00 h) until satiation was reached.

Food-supplemented birds were nevertheless free to for-

age by themselves. Individual kittiwakes were fed one

fish at a time until the individual refused food. We could

therefore easily count the number of fish items that each

individual ingested. The food supplementation started on

average 8 ± 1 days before the laying of the first clutch

(each bird consuming 18.8 ± 4.9 fish during this period

at a rate of 1.60 ± 0.38 fishes per day) and on average

27 ± 1 days before the laying of the replacement clutch

(each bird consuming 69.3 ± 8.3 fish during this period

at a rate of 2.68 ± 0.27 fishes per day). Kittiwakes

consumed a higher number of supplemented fish per

day before laying the replacement clutch (time between

when we removed the first clutch and when the first egg

of the replacement clutch was laid) than before the first

clutch was laid (time period between the first day of

supplementation until the first egg was laid; 2.68 ± 0.27

vs. 1.60 ± 0.38 fishes per day; paired t-test, t11 ¼ 2.77,

P ¼ 0.02). Food supplementation was effective as it

increased total clutch weight, suggesting that food-

supplemented individuals were in better condition than

non-food-supplemented ones (Gasparini et al., 2006b).

Both food-supplemented and non-food-supplemented

pairs were monitored daily to determine laying date and

nest contents. Adult birds involved in the experiment

were not all individually marked to avoid disturbance that

could have interfered with our experiment (e.g. willing-

ness to accept extra fish), but pairs are expected to have

relaid in the same nest as kittiwakes are very highly

faithful to their nest within a season. Indeed, among

the nine pairs where adults were individually marked (we

could read their coloured ring without capturing the

birds), 100% of them were seen brooding a replacement

clutch at the same site. Moreover, using data from a

colony in northern Norway, 98% (n ¼ 85) of a sample of

marked individuals were recorded as incubating a

replacement clutch at the same site where they had

produced their first clutch (J. Gasparini & T. Boulinier,

unpublished data). In birds from the two treatment

groups, we induced clutch replacement by removing all

eggs after the first clutch was complete [average of

6.7 ± 0.5 days (range: 5–14) after the first egg of the first

clutch was laid]. This number of days was not different

between the two treatments (Student’s t-test, t23 ¼ 0.93,

P ¼ 0.36). All 12 food-supplemented pairs and 11 of 13

non-food-supplemented pairs produced a replacement

clutch. Kittiwake clutches contain one to three eggs, the

first laid egg being denoted A, the second B and the third

C. For first clutches, we collected all eggs (one clutch

contained one egg, 22 contained two eggs and three,

three eggs). For replacement clutches of more than one

egg, we collected the B-egg in order to leave the A-chick

in the nest because it was part of a separate experiment

(seven clutches contained one egg and 16, two eggs).

When clutch size was equal to 1, the single egg was left in
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the nest to examine the development of the chick

immune system (Gasparini et al., 2006b). Removed eggs

were immediately frozen at )20 �C. In July 2002, egg

yolks were separated from the white and kept frozen in

plastic bags until analyses. Overall, we quantified andro-

gen (androstenedione) and antibody concentrations (im-

munoglobulins Y) in the yolk of 61 eggs collected in 25

nests (45 from first clutches and 16 from replacement

clutches; nine eggs at the first breeding attempt disap-

peared between laying and time at egg collection).

Assessment of immunoglobulin concentration in egg
yolks

In autumn 2002, J. Gasparini performed immunological

assays. Egg yolks were thawed, homogenized, and

extraction procedures were carried out following

Mohammed et al. (1986). The yolk was diluted 1 : 1 in

phosphate-buffered saline (PBS) and mixed. An equiv-

alent volume of reagent-grade chloroform was then

added and the mixture was centrifuged at 30000 g for

6 min. The clear supernatant was used for the assays.

Total immunoglobulin Y concentration, the major type of

antibodies present in egg yolks (Pastoret et al., 1998), was

determined using a sandwich ELISA (Crowther, 2001).

For the solid phase, we used a microtitre plate (8 · 12

well format, Microlon 600; Greiner, Frickenhausen,

Germany). Each well was coated with 100 lL of a

2.3 lg mL)1 of rabbit anti-chicken IgG (Jackson Immu-

noresearch Laboratories, West Grove, PA, USA) diluted

in PBS and incubated for 2 h at room temperature (RT).

The plates were then washed three times with PBS. We

saturated each plate with 200 lL of PBS containing 1.5%

bovine serum albumin (PBS-BSA) for 2 h at RT and

washed again. 100 lL of the diluted egg yolk extraction

1 : 200 (for a final dilution of 1 : 400 egg yolks due to

extraction procedure) were distributed into the wells and

incubated overnight at RT. After washing, 100 lL of

peroxydase-conjugated rabbit anti-chicken IgG (1 : 3000,

Sigma, A-9046, St Louis, MO, USA; Martinez et al., 2003)

in PBS-BSA were added for 2 h at RT. After washing five

times, 100 lL of peroxydase substrate (o-phenylenedi-

amine dihydrochloride, 0.4 mg mL)1; Sigma) was added

for 15 min at RT and then stopped using 50 lL of

hydrochloric acid (HCl 1 MM). Optical density (OD; our

measure of IgY concentration) was read at 490 nm with a

spectrophotometer. As a standard, a mixture of several

kittiwake samples was measured in serial dilutions to

correct OD values for a possible plate effect. After

calibrations with the standard, there was a high repea-

tability between OD values of the same samples within

(r ¼ 0.94, F39,40 ¼ 30.62, P < 0.0001) and between

plates (r ¼ 0.70, F51,52 ¼ 5.58, P < 0.0001).

Assessment of androgen concentration in egg yolks

D. Gil performed androgen assays in autumn 2003. In a

preliminary analysis (D. Gil & A. Lacroix, unpublished

data), testosterone (T) and androstenedione (A4) levels

were assayed in a sample of 18 kittiwake egg yolks

collected in a Norwegian colony (Hornøya). As a strong

positive relationship between these two types of andro-

gens was found (Pearson correlation; r ¼ 0.72, n ¼ 18,

P < 0.0001), we decided to assay only androstenedione

(A4), the androgen showing the highest concentration of

the two (A4: 120.22 ± 7.5 pg mg)1; T: 11.59 ± 0.91 pg

mg)1). A4 concentration could therefore be used as an

index of androgens transfer by mothers into egg yolk.

Yolks were homogenized and 50 mg was taken from

the mixture. Extraction followed previously described

methods (Gil et al., 2004). We assayed each extraction in

duplicate using a commercially available radioimmuno-

assay (DSL-3800; Diagnostic Systems Laboratories,

Webster, TX, USA), with high specificity for androsten-

edione (cross-reactivity with other androgens <1%).

There was a high repeatability within (r ¼ 0.98,

F80,81 ¼ 97.98, P < 0.0001; coefficient of variation ¼
2.8%) and between assays (r ¼ 0.94, F14,15 ¼ 33.28,

P < 0.0001; coefficient of variation ¼ 13.9%).

Statistical analyses

Throughout the research statistical tests were performed

with SAS (1996). To obtain an index of the total amount

Table 1 Concentration and index of total amount (i.e. concentration · egg volume) of androstenedione A4 and immunoglobulins IgY in the

yolks of A-, B- and C-eggs from first clutches of food- and non-food-supplemented mothers.

Components Measure Egg A Egg B Egg C F-value d.f. P-value

A4 Concentration (pg mg)1) 148.6 ± 16.1 329.1 ± 29.7 284.4 ± 65.6 24.19 2,18 <0.0001

Index of total amount 6757 ± 751 14734 ± 1350 11909 ± 2468 24.08 2,18 <0.0001

IgY Concentration (OD value) 0.46 ± 0.01 0.51 ± 0.02 0.50 ± 0.03 1.73 2,18 0.21

Index of total amount 20.7 ± 0.6 22.5 ± 0.8 21.2 ± 1.1 1.09 2,18 0.37

Values are presented as mean ± SE. ANOVAANOVA performed with the nest as a random effect and egg sequence as a categorical factor. Post-hoc

analyses for A4 show differences between A- and B-eggs (Tukey test, P < 0.0001 for concentration and total), A- and C-eggs (P ¼ 0.01, for

concentration and total) but no differences between B- and C-eggs (concentration: P ¼ 0.80, total: P ¼ 0.73). In contrast, post-hoc analyses for

antibodies show no differences between A- and B-eggs, A- and C- eggs and B- and C-eggs (Tukey tests, all P-values >0.29). No interaction

between egg laying sequence and the food treatment was found (all P-values >0.20).
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of androgens and antibodies contained in egg yolks, we

multiplied the concentration values with an estimate of

the egg volume (mL) calculated as egg breadth

(mm)2 · egg length (mm) · 4.866 · 10)4 (Coulson,

1963) as egg size generally covaries with yolk size (egg

yolk weight was not measured but, for instance, in

Canada and Lesser snow goose, egg yolk weight is

strongly correlated with egg mass, Badzinski et al.,

2002). We tested the effect of clutch number (first vs.

replacement) and feeding treatment (food-supplemented

vs. non-food-supplemented) on the concentration and

on the index of the total amount of androgens and

antibodies in egg yolks using analyses of variance. We

included the nest as a random effect (as measurements

from several eggs from each clutch of the same nest were

entered into the models) nested within the feeding

treatment (as eggs of each clutch got the same treatment,

i.e. were all laid by food-supplemented or non-food-

supplemented females) (Littell et al., 1996; Proc Mixed,

SAS, 1996). Significance levels were set to 0.05 and all

tests were two-tailed. Values are presented as

mean ± SE.

Results

In first clutches, the concentration and index of total

amount of A4 was greater in B- and C-eggs compared

with A-eggs (Table 1). As we analysed only B-eggs for

replacement clutches, we could only compare A4 levels

between B-eggs of first and replacement clutches. No

difference was detected in the concentration and index of

total amount of antibodies between A-, B- and C-eggs, so

we considered all 61 eggs in further analyses (Table 1).

Food supplementation only affected the maternal

transfer of antibodies and A4 in the yolks of replacement

eggs; as shown by a significant interaction between

clutch number and food supplementation on concentra-

tion and total amount of A4 and antibodies (Table 2).

There was evidence that non-food-supplemented females

transferred more A4 than food-supplemented females

into the eggs of replacement (concentration: t14 ¼ 2.31,

P ¼ 0.04; total amount: Student’s t-test: t14 ¼ 2.45, P ¼
0.03), but not of first clutches (concentration: t20 ¼ 0.74,

P ¼ 0.47; total amount: t20 ¼ 1.20, P ¼ 0.30; Fig. 1). In

Fig. 1, the concentration and total amount of androgens

tend to be higher in the food-supplemented than in the

non-food-supplemented group. However, an analysis of

power (using the effect size observed with our data)

revealed that we would need a sample size of 192 eggs

(170 more that in our study) to detect a significant effect

between the two groups of first clutches. Similar differ-

ences were found for antibodies in eggs of replacement

(concentration: t14 ¼ 2.13, P ¼ 0.05; total amount, Stu-

dent’s t-test: t14 ¼ 2.37, P ¼ 0.03; Fig. 2), but not of first

clutches (concentration: F1,23 ¼ 0.94, P ¼ 0.34, nest:

Wald Z ¼ 2.03, P ¼ 0.02; total amount: F1,23 ¼ 0.24,

P ¼ 0.63, nest: Wald Z ¼ 2.39, P ¼ 0.008). As a conse-

quence, both the concentration (regression including the

Table 2 Mixed model anova testing the

effect of food treatment (food-supplemented

or not) on concentration and index of total

amount of androgens (A4) and antibodies

(IgY) in the yolk of eggs and on egg volume

from first and replacement clutches, inclu-

ding nest as a random factor (Wald Z-tests for

random effects and F-tests for fixed effects).

The egg volume was also included as a

covariate into the models for A4 and IgY, but

was never significant (all P > 0.21) and

hence removed from the models. Inclusion

of egg volume in these models did not

change the main results.

Variable Parameters Wald Z/F-stat d.f. P-value

Concentration of androgens Random effect: nest 1.33 0.09

Fixed effect

Clutch 3.55 1.12 0.08

Food treatment 0.97 1.22 0.33

Clutch · food treatment 6.51 1.12 0.03

Concentration of antibodies Random effect: nest 1.52 0.06

Fixed effect

Clutch 7.48 1.34 0.01

Food treatment 2.87 1.23 0.10

Clutch · food treatment 2.21 1.34 0.15

Total amount of androgens Random effect: nest 1.31 0.10

Fixed effect

Clutch 2.82 1.12 0.12

Food treatment 0.68 1.22 0.42

Clutch · food treatment 8.25 1.12 0.01

Total amount of antibodies Random effect: nest 2.01 0.02

Fixed effect

Clutch 5.96 1.34 0.02

Food treatment 2.10 1.23 0.16

Clutch · food treatment 4.86 1.34 0.03

Egg volume Random effect: nest 3.12 0.0009

Fixed effect

Clutch 6.08 1.34 0.02

Food treatment 0.55 1.23 0.47

Clutch · food treatment 5.08 1.34 0.03
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nest as a random effect, F1,35 ¼ 21.02, P ¼ 0.0002) and

index of total amount (F1,35 ¼ 15.45, P ¼ 0.0004) of A4

and antibodies were positively correlated (Fig. 3). These

relationships remained significant after adding egg size

into the model (P < 0.0001). The significant effect of food

supplementation on the transfer of A4 and antibodies in

replacement eggs cannot be explained by egg volume.

Indeed, there was no detectable effect of food supple-

mentation on egg volume of replacement clutches (food-

supplemented: 43.5 ± 1.4 mL; non-food-supplemented:

44.5 ± 0.7 mL; F1,14 ¼ 0.27, P ¼ 0.61, nest: Wald Z ¼
2.48, P ¼ 0.007; Table 2). In addition, results presented

in Table 2 were similar after having added egg volume as

a covariate in the models for concentration and total

amount of A4 and antibodies (data not shown). More-

over, the significant effect of food supplementation on

the transfer of A4 and antibodies in replacement eggs

cannot be explained by a clutch size difference in

replacement eggs as only two-egg replacement clutches

were included in the analysis (i.e. clutches for which we

had the B-egg).

Discussion

We tested whether food supplementation increased or

reduced the maternal transfer of androgens (A4) and

antibodies into eggs, two components known to enhance

chick development but that may have long-term detri-

mental effects (Mondal & Naqi, 2001; Groothuis et al.,

2005). As expected, food supplementation significantly

affected the maternal transfer of these components into

eggs of replacement but not first clutches (Figs 1 and 2).

Our results are consistent with the hypothesis that

Fig. 1 Concentration (a) and index of the total amount (b) of

androstenedione A4 in egg yolk (egg volume · concentration) in

food-supplemented and non-food-supplemented pairs at the first

and replacement reproductive attempts (*P £ 0.05; ns, not signifi-

cant). Values are presented as mean ± SE.

Fig. 2 Concentration (a) and index of the total amount (b) of

immunoglobulins IgY in egg yolk (egg volume · concentration) in

food-supplemented and non-food-supplemented pairs at the first

and replacement reproductive attempt (*P £ 0.05; ns, not signifi-

cant). Values are presented as mean ± SE.
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females in good condition reduce the amount of andro-

gens and antibodies transferred into egg yolks because

these compounds may have potential long-term costs for

the offspring, and females in prime condition during egg

laying would provide enough food to ensure the optimal

growth rate of their chicks.

Verboven et al. (2003) found in lesser black-backed

gulls that food-supplemented females transferred lower

amounts of androgens into the eggs of their first clutch

than control females (they did not examine replacement

clutches). In the present study we found a signifi-

cant effect of food supplementation only at the replace-

ment breeding attempt. The absence of a significant effect

at the first breeding attempt can be interpreted in three

ways. (1) Food supply was not sufficiently different

between food-supplemented and non-food-supplemen-

ted mothers during production of first clutches. This is

plausible because we food-supplemented kittiwakes dur-

ing the 8 days before they laid their first clutch but over

27 days before laying their replacement clutch. (2) In

contrast to the case of lesser black-backed gulls, food

supplementation affected only the transfer of androgens

and antibodies at the replacement clutch in kittiwakes

because of a strategic adjustment. This is consistent with

previous analyses showing that food-supplemented kit-

tiwakes strategically reduced their investment in their

replacement clutch in terms of clutch weight (Gasparini

et al., 2006a; see also De Neve et al., 2004). (3) Offspring

born later in the season (i.e. replacement breeding

attempt) have lower chances of success in comparison

with those born earlier (i.e. first breeding attempt),

especially when food availability is low (in seabirds food

supply usually declines along the breeding season,

Moreno, 1998). To reduce failure of replacement clut-

ches, mothers may therefore transfer more androgens to

enhance their growth (Groothuis et al., 2005) and more

antibodies to reduce the susceptibility of offspring to

parasites (Gasparini et al., 2001, 2002; Grindstaff et al.,

2003) despite potential long-term costs. Supplementary

data are required to test which of these three scenarios is

the most parsimonious to explain our results.

From a proximal point of view, accumulation of

androgens and antibodies in the eggs may be a passive

or an active transfer between mothers and the egg yolk. If

this transfer is passive, environmental variation through-

out the season (e.g. parasite exposure and/or tempera-

ture) may explain differences in androgens and antibodies

in maternal blood when producing first and replacement

clutch. Females in poorer condition (i.e. non-food-sup-

plemented females and/or females having suffered the

energetic cost of relaying a clutch) would have a higher

blood concentration of antibodies and androgens at the

time of yolk production, and hence passively transfer

more of these molecules into their eggs (Blount et al.,

2002). This is unlikely, however, because enhanced

maternal condition can lead to an increase in blood-

circulating androgens (Verboven et al., 2003) and anti-

bodies (Klasing, 1998; Gasparini et al., 2006b), although

the case for antibodies is particular as it very much

depends on the balance between the past exposure of

individuals to antigens and the condition of their immune

system. Our results nevertheless suggest that females are

able to control interactively the amount of antibodies and

androgens transferred into their eggs, and food-supple-

mented females can adaptively deposit fewer of such

components into the eggs of replacement clutches. This is

an important result as the mechanism of maternal transfer

of egg components is poorly known (Groothuis et al.,

2005). Our study is therefore consistent with the hypo-

thesis that when mothers are in lower condition, they

actively transfer more androgens and antibodies into their

eggs to stimulate chick development despite such mater-

nal effects potentially having long-term costs.
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Fig. 3 Relationship between concentration of androstenedione (A4)

and immunoglobulins in egg yolk (IgY). Similar relationship was

found for the total amount of A4 and immunoglobulins.
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