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Egg investment is in¯uenced by
male attractiveness in the mallard

father offspring of better condition or with increased survivorship2±8. Before attributing greater offspring viability to a male's
heritable genetic quality, however, it is important to discount
effects arising from confounding sources, including maternal
effects. This has generally been addressed by comparing offspring
viability from two different breeding attempts by the same
female: one when offspring are sired by a preferred male, and
one when offspring are sired by a less preferred male. However,
here we show that individual female mallard (Anas platyrhynchos)
lay larger eggs after copulating with preferred males and smaller
eggs after copulating with less preferred males. As a result,
females produced offspring of better body condition when
paired with preferred males. After controlling for these differences in maternal investment, we found no effect of paternity
on offspring condition. This shows that differences between halfsibs cannot always be attributed to paternal or maternal genetic
effects.
Life-history theory predicts that females should alter their investment in a particular breeding attempt according to the likelihood of
its success9. If preferred males provide any type of bene®t to females,
for example, better resources for breeding, individual females
should alter their investment according to male attractiveness.
This was ®rst demonstrated by showing that females may increase
their level of parental care when paired with preferred males10,11 (but
see ref. 12). However, females may also alter their investment much
earlier in reproduction; in some species, females lay more eggs when
paired with preferred males than when paired with less preferred
males13,14. A problem arises if females instead alter their primary
reproductive effort in ways that in¯uence offspring quality rather
than offspring quantity, for example, by laying larger eggs or
increasing the nutritional content of eggs when paired with more
attractive males. These effects would then have to be discounted
before attributing all differences in offspring condition to viability
genes inherited from the father. A recent study has shown that
female zebra ®nches (Taeniopygia guttata), for example, alter their
testosterone investment in eggs according to male attractiveness15.
Testosterone is thought to in¯uence early competitive ability in
chicks16.
Female mallard show strong preferences for particular males, yet
rear the precocial young on their own. Female preferences are clear
from pairing displays performed throughout the autumn17±19. Once
pair bonds are formed in resident populations, they are maintained
between years19,20. Male mallard (n = 20) were ranked for attractiveness (see Methods). To ensure ranking was reliable, males were
ranked twice with two separate groups of 20 female mallard and by a
different observer on each occasion; male rank correlated signi®cantly between the two groups of females (Spearman's rank
correlation (rs) = 0.61, n = 20, P = 0.008). Once male rank was
established, we examined paternal and maternal effects on offspring
traits by collecting three clutches of eggs from each of 16 females; an
infertile control clutch, a clutch sired by a high-ranking male and a
clutch sired by a low-ranking male. The two fertile clutches (n = 32
4,000,000
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Why females prefer to copulate with particular males is a contentious issue. Attention is currently focused on whether females
choose males on the basis of their genetic quality, in order to
produce more viable offspring1. Support for this hypothesis in
birds has come from studies showing that preferred males tend to
² Present address: Department of Zoology, University of Cambridge, Downing Street, Cambridge
CB2 3EJ, UK.
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Figure 1 Mean egg volume (mm3) in high rank pairing and low rank pairing treatments
(paired t-test, t = 2.75, n = 16 females, P = 0.02).
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Figure 2 Females that laid smaller eggs in their initial control clutch were signi®cantly
more likely to lay eggs of different sizes when assigned to males of different attractiveness
(rp = -0.435, n = 16 females, P , 0.05).

Figure 3 Relationship between mean egg weight and mean chick weight for each female
(F = 64.68, d.f. = 14, P , 0.001) in high paternal rank and low paternal rank groups
(analysis of covariance, Fslopes = 2.62, d.f. = 14, P , 0.118; Felevations = 0.16, d.f. = 14,
P = 0.58).

clutches, mean clutch size = 11.54, range 6±16) were incubated
arti®cially under controlled conditions and chicks (n = 200) were
monitored from hatching, through growth and development, until
they themselves paired the following year.
We found that individual females laid signi®cantly larger eggs
when paired to more attractive males (Fig. 1). Egg size is a critical
trait in¯uencing ®tness in birds21,22; in the mallard, this is because
young from larger eggs are better able to survive during the few days
immediately after hatching23. The differences in egg investment
appeared to stem primarily from females that laid small eggs in their
control clutch; females that initially laid larger eggs did not adjust
egg size according to male rank (Fig. 2). However, the difference in
average egg volume between clutches was unrelated to female
condition (Pearson's correlation (rp) = 0.021, n = 16, P . 0.1).
There was no difference in the number of eggs laid by females for
high- and low-ranking males (paired t-test, t = 1.00, degrees of
freedom (d.f.) = 14, P = 0.33, mean number of eggs (6 s.d.): high
rank treatment, 12.6 6 2.8; low rank treatment, 11.6 6 2.7),
suggesting that females were differing in their total investment
rather than trading-off egg size and clutch size. This difference in
egg investment resulted in females producing signi®cantly heavier
chicks when they were assigned to preferred males than when
assigned to less preferred males (paired t-test, t = 2.39, d.f. = 14,
P = 0.03; mean weight (6 s.d.): high rank treatment, 45.0 6 3.0 g;
low rank treatment, 43.0 6 4.8 g), though chicks did not differ in
their skeletal size (paired t-test, t = 0.28, d.f. = 14, P = 0.78, mean
tarsal length (6 s.d.): high rank treatment, 49.6 6 2.2 mm, low rank
treatment, 49.5 6 1.9 mm). This could not be explained by chicks
that were fathered by preferred males being more likely to be male;
there was no difference in the sex ratio of clutches fathered by high-

and low-ranking males (paired t-test, t = 0.07, n = 16 females, P =
0.95, mean proportion of males to females (6 s.d.): high rank
treatment = 0.47 6 0.2, low rank treatment = 0.47 6 0.2). When we
controlled for the difference in egg investment, there was no effect of
male rank on chick weight (Fig. 3).
This is the ®rst study to our knowledge to show that female
investment, in terms of egg volume, may vary according to male
attractiveness, even though males appear to provide no direct
material bene®ts to females. It has been stated that differences in
viability traits between half-sibs that share the same mother but that
are sired by males of different attractiveness can be attributed to
paternal genetic quality2,4,8. The results of this study show that this
may not be the case.
The question then is why do some females lay eggs of different
sizes when assigned to preferred and less preferred males? Females
may alter their egg investment in response to male attractiveness
because attractive males are more likely to sire successful offspring.
This could be adaptive whether the bene®ts of mating with
preferred males are direct material bene®ts or indirect genetic
bene®ts unrelated to viability, such as attractiveness genes. It is
unclear why this should not be a bene®cial strategy to all females,
but it may be that females that initially laid smaller eggs were
inherently of poorer quality and had the most to gain from
increasing egg size with preferred males. Alternatively, females
that initially laid larger eggs may not have been able to increase
their egg size any further.
Therefore, we ®rst examined the effect of paternal attractiveness
on other measures of viability and male offspring attractiveness. We
found no effect of egg size (all regressions, P . 0.1) or paternal rank
on any other offspring traits that we recorded (Table 1). Instead, the

Table 1 Paired comparisons of traits between half-sibs sharing the same mother but fathered by preferred and less preferred males and hatching from ®rst
and second clutches.
Trait

Effect of male rank*

Effect of hatch date²

...................................................................................................................................................................................................................................................................................................................................................................

Mean (6s.d.)
49:5 6 0:2 (high-rank male)
48:5 6 0:2 (low-rank male)

t
0.12

P
0.91

Mean (6s.d.)
44 6 25 (1st clutch)
53 6 22 (2nd clutch)

t
1.34

P
0.20

Survival

82 6 18 (high-rank male)
86 6 17 (low-rank male)

0.41

0.69

80 6 22 (1st clutch)
87 6 12 (2nd Clutch)

0.39

0.71

Attractiveness

3:8 6 1:7 (high-rank male)
4:0 6 1:8 (low-rank male)

0.29

0.79

4:5 6 1:2 (1st clutch)
3:3 6 1:8 (2nd clutch)

3.21

0.03

Felevations
0.52
0.29

P
0.49
0.59

Fslopes
0.90
0.28

Felevations
5.00
8.76

P
0.04
0.01

Hatching success

Growth rate
Moult development

Fslopes
0.64
0.09

P
0.44
0.76

P
0.37
0.61

...................................................................................................................................................................................................................................................................................................................................................................
* Hatch date balanced across treatments.
² Male rank balanced across treatments.
³ Calculated from mean values for each clutch from each female.
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single most important factor determining both viability traits and
male attractiveness was hatch date (®rst versus second clutches)
(Table 1). The onset of breeding is synchronous in mallard, but up
to 96% of ®rst clutches can be lost through depredation and females
can lay up to four new clutches within a season19. Attractiveness in
the mallard therefore appears to be an environmentally determined
trait (see also ref. 24). Hatch date is primarily governed by nest
depredation, which is mainly a chance event. Any genetic bene®ts to
be gained from copulating with preferred males are therefore
unlikely to become correlated with male attractiveness through
future generations, including any ability by males to persuade
females to lay larger eggs.
We then examined whether direct costs and bene®ts of pairing
with preferred males may be important. Male mallard provide no
paternal care and the bene®ts of pairing with particular males are
not immediately apparent. However, there are at least two possibilities that could account for our ®ndings. First, females prefer
early hatched males. Dominance in wildfowl is often a consequence
of pairing success25. Early hatched chicks are the ®rst males to pair
and are therefore likely to be established as the most dominant
males. Pair males defend transient feeding areas around females
during the breeding season. Combined with their better body
condition arising from earlier hatching, and the fact that early
pairing increases their dominance status, such males are likely to be
the most effective in defending a feeding area. This possibility is
unlikely to explain our results directly as birds in this study were fed
ad libitum and kept separately in pairs, but it may be one reason why
females bene®t from laying larger eggs for preferred males under
natural conditions.
Second, the amount a female can invest in eggs may simply be a
direct consequence of being paired to a particular male. There is a
tendency for less preferred males to attempt more copulations with
their partner than preferred males (rs = 0.68, n = 8, P = 0.07), the
majority of which are resisted by females. Unwanted copulation
attempts in other species can in¯uence female fecundity26 and
female longevity27.
The results of this experimental study clearly show that females
may invest differentially in eggs depending on the attractiveness of
their partner. As a consequence, maternal investment can have an
important in¯uence on offspring quality. This study shows the
fundamental importance of considering all maternal effects prior to
attributing differences in offspring viability to paternal genetic
effects in the future.
M

Methods
Establishing experimental stock
Eggs were collected from wild-caught captive stock mallard that had been fed ad libitum
from three months before egg laying to minimize any differences in female condition. Eggs
were incubated arti®cially under standardized conditions. On hatching, chicks were reared
in isolation from their parents and again fed ad libitum over the experimental period to
minimize any differences in condition.

Ranking of males
The following spring, one experimental group of 20 males and two groups of 20 females
were established. The ®rst group of females was housed together with the males and
allowed to pair freely. Over the pairing period, males were ranked for attractiveness to
females by recording the number of females that directed pairing displays toward them.
This is a reliable measure of female choice rather than the outcome of male±male
competition17±19. Once female preferences had been established, females were removed and
housed individually until egg laying commenced. A second group of naive females were
introduced into the experimental pen containing the previously ranked males. Female
preferences were again recorded for the same males, by a second observer who had no
previous knowledge of the males' initial ranking, to determine whether different females
consistently prefer the same males.

Effects of male rank on offspring viability and female investment
Females were housed individually for about two weeks until they started laying. A control
clutch of infertile eggs was collected to establish the average egg size for each female
without the in¯uence of male quality affecting female investment. Eggs were collected
daily, measured and their volumes calculated using species-speci®c calculations28.
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The eight highest ranking males and the eight lowest ranking males were selected.
Females were assigned one of these males for their next clutch; half of the females received
a male of high rank and half a male of low rank. Pairs were housed together until females
had ®nished laying an entire clutch. Eggs were collected each day and replaced with a
chicken egg to induce females to lay a normal clutch. Once females had completed laying,
males were removed. The chicken eggs were removed 7±10 days later to induce females to
lay another clutch. A second male was then introduced to the female pen and the pair were
left together throughout the female's second clutch. When re-laying occurred, females had
been separated from their ®rst male for at least 17 days, the longest period a female mallard
has been recorded to store sperm19,29, so that all offspring in the second clutch could be
fathered only by the second male. For the second clutch, females previously paired with
high-ranking males were paired to low-ranking males and vice versa, and the same
procedure was followed for collection and incubation of the second clutch. Hence, two
clutches were obtained from each female, one fertilized by a high-ranking male, the other
by a low-ranking male. Seasonal effects were equally distributed over the two treatments.
All birds were fed ad libitum during the experiment on a mix of wheat grain and high
protein crumb with calcium and mineral supplements.
Eggs were incubated arti®cially under standardized conditions. Immediately on
hatching, chicks were ringed with individual combinations and their morphometrics were
recorded. All chicks were measured and weighed at weekly intervals until reaching adult
size. Male moult development was scored weekly and males were assessed for attractiveness the following spring in the same manner as their fathers.
Received 11 October; accepted 23 December 1999.
1. Andersson, M. Sexual Selection (Princeton Univ. Press, Princeton, NJ, 1994).
2. Hasselquist, D., Bensch, S. & von Schantz, T. Correlation between male song repertoire, extra-pair
paternity and offspring survival in the great reed warbler. Nature 381, 229±232 (1996).
3. Kempenaers, B. et al. Extra-pair paternity results from female preference for high-quality males in the
blue tit. Nature 357, 494±496 (1992).
4. Kempenaers, B., Verheyen, G. R. & Dhondt, A. Extra-pair paternity in the blue tit Parus caeruleus:
female choice, male characteristics, and offspring quality. Behav. Ecol. 8, 481±492 (1997).
5. Mùller, A. P. Male ornament size as a reliable cue to enhanced offspring viability in the barn swallow.
Proc. Natl Acad. Sci. USA 91, 6929±6932 (1994).
6. Norris, K. Heritable variation in a plumage indicator of viability in male great tits Parus major. Nature
362, 537±539 (1993).
7. Petrie, M. Improved growth and survival of offspring of peacocks with more elaborate trains. Nature
371, 598±599 (1994).
8. Sheldon, B. C., Merila, J., Qvarnstrom, A., Gustafsson, L. & Ellegren, H. Paternal genetic contribution
to offspring condition predicted by size of a male secondary sexual character. Proc. Roy. Soc. Lond. B
264, 297±302 (1997).
9. Williams, G. C. Natural selection, the cost of reproduction, and a re®nement of Lack's principle. Am.
Nat. 100, 687±690 (1966).
10. Burley, N. The differential allocation hypothesis: an experimental test. Am. Nat. 132, 611±628 (1988).
11. de Lope, F. & Mùller, A. P. Female reproductive effort depends on the degree of ornamentation of their
mates. Evolution 47, 1152±1160 (1993).
12. Witte, K. The differential allocation hypothesis: does the experimental evidence support it? Evolution
49, 1289±1290 (1995).
13. Petrie, M. & Williams, A. Peahens lay more eggs for peacocks with larger trains. Proc. Roy. Soc. Lond. B
251, 127±131 (1993).
14. Schwabl, H., Mock, D. W. & Gieg, J. A. A hormonal mechanism for parental favouritism. Science 386,
231 (1997).
15. Gil, D., Graves, J., Hazon, N. & Wells, A. Male attractiveness and differential testosterone investment
in zebra ®nch eggs. Science 286, 126±128 (1999).
16. Balzer, A. L. & Williams, T. D. Do female zebra ®nches vary primary reproductive effort in relation to
male attractiveness? Behaviour 135, 297±309 (1998).
17. Lorenz, K. Comparative studies on the behaviour of the Anatinae. Avicult. Mag. 57, 157±182 (1951).
18. Omland, K. E. Female mallard mating preferences for multiple male ornaments. I. Natural variation.
Behav. Ecol. Sociobiol. 39, 353±360 (1996).
19. Cunningham, E. J. A. Forced Copulation and Sperm Competition in the Mallard (Anas platyrhynchos).
Thesis, Univ. Shef®eld, UK (1997).
20. Mjelstad, H. & Sñtersdal, M. Reforming of resident Mallard pairs Anas platyrhynchos, rule rather than
exception? Wildfowl 41, 150±151 (1990).
21. Williams, T. D. Intraspeci®c variation in egg size and egg composition in birds: effects on offspring
®tness. Biol. Rev. 68, 35±59 (1994).
22. Bolton, M. Determinants of chick survival in the lesser black-backed gull: relative contributions of egg
size and parental quality. J. Anim. Ecol. 60, 949±960 (1991).
23. Rhymer, J. M. The effect of egg size variability on thermoregulation of Mallard Anas platyrhynchos
offspring and its implications for survival. Oecologia 75, 20±24 (1988).
24. Grif®th, S. C., Owens, I. P. F. & Burke, T. Environmental determination of a sexually selected trait.
Nature 400, 358±360 (1999).
25. Sorenson, L. G. & Derrickson, S. R. Sexual selection in the northern pintail (Anas acuta): the
importance of female choice versus male±male competition in the evolution of sexually selected traits.
Behav. Ecol. Sociobiol. 35, 389±400.
26. Berger, J. Induced abortion and social factors in wild horses. Nature 303, 59±61 (1983).
27. Clutton-Brock, T. & Langley, P. Persistent courtship reduces male and female longevity in captive
tsetse ¯ies Glossina moristans Westwood (Diptera: Glossinidae). Behav. Ecol. 8, 392±395 (1996).
28. Hoyt, D. F. Practical methods of estimating volume and fresh weight of bird eggs. Auk 96, 73±77
(1979).
29. Elder, W. H. & Weller, M. W. Duration of fertility in the domestic mallard hen after isolation from the
drake. J. Wild. Manag. 18, 495±502 (1954).

Acknowledgements
We thank the Duke and Duchess of Devonshire for kindly allowing us to conduct the study

© 2000 Macmillan Magazines Ltd

NATURE | VOL 404 | 2 MARCH 2000 | www.nature.com

letters to nature
at Chatsworth estate, the Chatsworth keepers for all their support and J. Shutt, M. Fowlie,
D. Ross and M. Wilson for invaluable help with ®eldwork. We would also like to thank
B. Hatchwell, T. Birkhead, R. Johnstone, N. Davies, B. Appleby and A. Radford for help,
advice and comments. The study was funded by NERC, UK.
Correspondence and requests should be addressed to E.C.
(e-mail: ejac3@hermes.cam.ac.uk).

.................................................................

Macaque monkeys categorize images
by their ordinal number
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The recall of a list of items in a serial order is a basic cognitive
skill1. However, it is unknown whether a list of arbitrary items is
remembered by associations between sequential items2,3 or by
associations between each item and its ordinal position4. Here, to
study the nonverbal strategies used for such memory tasks5±9, we
trained three macaque monkeys on a delayed sequence recall task.
Thirty abstract images, divided into ten triplets, were presented
repeatedly in ®xed temporal order. On each trial the monkeys
viewed three sequentially presented sample stimuli, followed by a
test stimulus consisting of the same three images and a distractor
image (chosen randomly from the remaining 27). The task was to
touch the three images in their original order without touching
the distractor. The most common error was touching the distractor when it had the same ordinal number (in its own triplet) as
the correct image. Thus, the monkeys' natural tendency was to
categorize images by their ordinal number. Additional, secondary
strategies were used eventually to avoid the distractor images.
These included memory of the sample images (working memory)
and associations between sequence triplet members. Thus, monkeys use multiple mnemonic strategies according to their innate
tendencies and the requirements of the task.
A basic question in the study of serial memory concerns the
nature of the mental representation that allows retrieval of list items.
Is list memory better characterized as a set of associations between
adjacent items (`chaining'2) or even nonadjacent items3, or as a
stored pattern of symbolic associations between each item and its
ordinal position4? Humans can encode list items as words
(`naming'), acquiring associations among names or between
names and ordinal positions, and are very experienced with
sequence tasks (numbers, alphabet, musical scale) and the abstract
categories `®rst', `second' and so on. However, monkeys and even
pigeons can reproduce ordered lists of arbitrary stimuli1,5±7,10±15.
What preverbal mnemonic strategies are used to represent lists?
In principle, multi-image working memory could be used to
recall the identity of a stimulus and its temporal position in a
sequence. This strategy is advantageous for generalization: it is as
successful with new as with familiar stimuli, and is also successful
with randomly ordered images. Monkeys can report whether a
probe item was included in a previously presented list of up to 20
items almost as accurately as humans16. However, remembering the
temporal position of an image is much more demanding. When
monkeys were asked to choose which of two images appeared earlier
in a list of ®ve arbitrarily chosen items, their average accuracy was
only , 73% (ref. 17).
When images are presented in ®xed temporal order, subjects can
use long-term memory strategies instead of working memory. One
strategy is to generate an association between adjacent images in the
NATURE | VOL 404 | 2 MARCH 2000 | www.nature.com

®xed sequence. Monkeys are highly skilled at generating such paired
associations18±20. Using a series of pair associations, a chain of
images can be recalled. In fact, monkeys trained on a series of
images successfully report the order of a random pair from the ®xed
sequence, even using non-sequential pairs5±7. Similarly, monkeys
trained on a sequence of pairs (A±B, B±C and so on) successfully
report the order of any pair8,9. In both cases analysis of response
times indicates that they may use an internal serial recap of the list,
perhaps on the basis of serial pair associations7,8,14.
Another possible strategy is to memorize the ordinal position of
each image. In one study, monkeys were trained on four nonverbal
lists, each containing four novel photographs of natural objects,
using the successive-phase method15. The task was to touch the
simultaneously presented images in the correct order (A1±A2±A3±
A4, B1±B2±B3±B4, C1±C2±C3±C4, D1±D2±D3±D4). When the
monkeys had mastered this task, the items were shuf¯ed, taking one
item from each list, so that in two derived lists the ordinal number of
the items was maintained (for example, A1±D2±C3±B4) whereas in
two others it was not (for example, B3±A1±D4±C2). Lists with
maintained ordinal position were acquired rapidly and virtually
without error, whereas derived lists in which the ordinal position
was changed were as dif®cult to learn as new lists. This pattern of
transfer to derived lists implies that the monkeys originally acquired
some knowledge about each item's ordinal position, rather than
simply generating a chain of serial pair associations for each list of
items.
Here we created an experimental paradigm in which monkeys
could use all three of these strategies. This allowed us to assess which
strategy is the most natural, being the ®rst to be learned, and which
is dominant, having the biggest effect on performance. The monkeys were trained on a task requiring them to report a list of three
images in the order of their previous presentation. We used thirty
fractal images, presented in ®xed temporal order. These were
divided into ten constant non-overlapping triplets (Fig. 1a). Each
trial consisted of a triplet of three sample images, with each image
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Figure 1 Image set and the basic delayed sequence recall task. a, A set of 30 fractal
images were presented in a ®xed temporal order using 10 constant non-overlapping
triplets (columns). Each image has a ®xed ordinal position in its triplet (1st, 2nd and 3rd)
and the triplets were presented in a ®xed order. The images were divided into three
different categories (rows) according to their ®xed ordinal positions in the triplets.
b, Example of the sequence of events in a trial. Arrows at the `Test' period mark the
correct touching order.
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