
The evolution of flight was a major innovation for
birds and insects, permitting them to disperse from
inhospitable sites, to exploit habitats unavailable to
terrestrial predators and to forage in three dimensions
and over very large areas. Some island species, how-
ever, refuse to disperse to other relatively close suit-
able islands despite the fact that they are capable of
sustained flight (Diamond 1981; Raikow 1985).
Other island species cannot disperse to other islands,
because they have lost their flight capacity. The ca-
pacity to fly is an energetically costly affair as the
muscles that constitute the flight apparatus of birds
represent 17 to 25% of body mass (Greenewalt
1975), and the metabolic demands of these special-

ized flight muscles rank among the highest of all tis-
sues (e.g., Weber & Piersma 1996). It therefore
comes as no great surprise that under particular eco-
logical conditions some species of bird and insect
have lost their morphological flight capacity (e.g., Di-
amond 1981; Livezey 1992a,b; Trewick 1997). The
majority of flightless species live on islands with low
resource availability and without mammalian preda-
tors. As the capacity to fly is costly (Greenewalt
1975; Weber & Piersma 1996), the loss of flight may
be a consequence of selection for reduced energy ex-
penditure in the face of intra-specific competition for
food, or because the benefits of flight (viz. predator
escape) no longer apply in these habitats (e.g. Roff
1990, 1994; Wagner & Liebherr 1992; McNab
1994a,b). However, in several isolated island popula-
tions that have reached carrying capacity, a consider-
able fraction of the reproductively mature birds (‘sur-
plus’ birds) is constrained from breeding (e.g.,
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Abstract The Seychelles Warbler (Acrocephalus sechellensis) was an endangered
endemic of the Seychelles islands where, until 1988, the entire population of ca. 320
birds was restricted to the one island of Cousin Island (29 ha). Although warblers can
breed independently in their first year, some individuals remain in their natal territory
as subordinates, and often help by providing nourishment to non-descendent off-
spring. The frequency of helping is affected by habitat saturation, variation in terri-
tory quality (insect prey availability), and the genetic relatedness between the helper
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quisition of parentage. The overall helping benefits are higher for daughters than for
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broods. Furthermore, on low-quality territories breeding pairs raising sons gain higher
fitness benefits than by raising daughters, and vice versa on high-quality territories.
Female breeders adaptively modify the sex of their single-egg clutches according to
territory quality: male eggs on low quality and female eggs on high quality. However,
despite the saturated nature of the Cousin population, the possibility of obtaining
higher reproductive success on new nearby island, and a well developed flight appara-
tus, inter-island dispersal by Seychelles Warblers is extremely rare. The Seychelles
Warbler is a beautiful example of behavioural and life history adaptations and mal-
adaptations to restricted circumstances.
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Komdeur 1996a; Holt & Martin 1997; Grant et al.
2000; Kokko & Lundberg 2001) and may never pro-
duce offspring over their life time (Komdeur 1992).
Mature individuals delaying independent breeding
may instead provide care to young that are not their
own genetic offspring. The most common form of co-
operative breeding involves a breeding pair being as-
sisted by offspring from previous broods. Evolution-
ary theory is based on the concept that individuals are
selected on their ability to efficiently translate re-
sources into reproductive success, thereby maximiz-
ing their genetic contribution to future generations
(Hamilton 1964; Maynard Smith 1964). As such
helpers can increase their inclusive fitness by gaining
either indirect fitness benefits from enhancing the re-
productive success of close relatives, or direct bene-
fits from increased opportunity for their own future
reproduction (e.g. Emlen & Wrege 1989; Mumme et
al. 1989; Emlen 1991, 1995; Mumme 1992; Koenig
et al. 1992; Cockburn 1998). If helping results in
higher fitness than dispersal, individuals should delay
dispersal and help. However, in most species the fit-
ness benefit from helping is likely to be considerably
less than the potential direct genetic gain from imme-
diate independent breeding if a territory and mate
could be obtained (Brown 1987). Thus cooperative
breeding can be seen as a ‘best-of-a-bad-job’ strategy,
adopted when opportunities for independent breeding
are limited. However, grown offspring may gain in-
clusive fitness benefits by remaining on the natal ter-
ritory. To test the fitness benefits of delayed dispersal
and helping in the field, detailed knowledge of the fit-
ness functions for males and females is required
(Leimar 1996; Lessells 1998; Lessells et al. 1998;
Koenig & Walters 1999; Pen & Weissing 2000).
These data are not available for most species. In this
article I will describe the adaptations and maladapta-
tions to island living in the Seychelles Warbler (Acro-
cephalus sechellensis).

The Seychelles Warbler is a rare island endemic,
which from 1920 to 1988 occurred only on Cousin Is-
land (29 ha) in the Seychelles (Fig. 1a). I will de-
scribe the fitness consequences of cooperative breed-
ing for the helpers and for their parents, and address
some adaptations employed by helpers and parents to
enhance their fitness. The Seychelles Warbler is an
excellent model species to test the fitness benefits of
helping and dispersal behaviour, because of: (i) the
ability to measure local dispersal in detail (Komdeur
1992, 2003), (ii) the availability of molecular markers
to assess sex, parentage, and coefficients of related-

ness between individuals in the breeding group
(Richardson et al. 2000, 2001), and (iii) the wealth of
long-term data allowing accurate fitness measures for
each individual (Komdeur 2003).

MATERIALS AND METHODS

1) Study populations and data collection
The Seychelles Warbler is a small (15–16 gram)

insectivorous bird (Fig. 1b). It is a rare island en-
demic, which occurred on several islands in the Sey-
chelles (Oustalet 1878; Diamond 1980) until anthro-
pogenic disturbance in the 20th century reduced them
to just one population on Cousin Island (Fig. 1a; Col-
lar & Stuart 1985) where by 1967 only ca. 30 individ-
uals remained (Crook 1960; Lousteau-Lalanne 1968).
Because the warbler was threatened with extinction,
Cousin was purchased in 1968 for Bird Life Interna-
tional with the express aim of saving the warbler. The
native vegetation was allowed to regenerate resulting
in the warbler population growing to its carrying ca-
pacity of 320 birds by 1982. The increase in number
of territories showed the same trend and reached its
saturation level of ca. 115 territories in 1981 (Fig.
1c). The island was completely covered by territorial
groups with no empty spaces (Fig. 1d). Although
warblers can breed independently in their first year,
some individuals remain in their natal territories as
subordinates, and often assist the breeding pair pro-
viding nourishment to offspring (Fig. 1b). Habitat
saturation has lead to cooperative breeding in this
species (Komdeur 1992). Once paired, warblers re-
side permanently in the same territories, sometimes
for as long as nine years. On Cousin Island the war-
bler usually has a clutch size of one egg only, and
adult birds have high annual survival (81%). In 1988
and 1990 respectively, new populations of Seychelles
Warblers were established by moving 29 birds to both
Aride Island (9 km from Cousin) and to Cousine Is-
land (1.6 km from Cousin) (Fig. 1a). These transloca-
tions were highly successful, with the founder popu-
lations expanding to a combined population of ca.
1,750 individuals by 1996 (Komdeur 2003).

The Cousin Island population of Seychelles War-
blers (ca. 320 birds) has been intensively studied
since 1985, while the populations on the islands of
Aride and Cousine have been studied from establish-
ment. Since 1985 nearly all birds on Cousin Island
have been banded for individual recognition and,
since 1993, blood sampled for molecular sex and
parentage analyses. Off-island migration by warblers
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is negligible (0.10%; Komdeur et al. in press), so
birds that have disappeared are considered dead.
Each year (1985–2002) nearly all breeding attempts
were monitored and activity by resident birds ob-
served during the nest building, incubation and
nestling periods (Komdeur 1996b; Richardson et al.
2002). Observations on incubation and food provi-
sioning were made at all breeding attempts to deter-
mine the status of the birds within each territory. The
primary male and female were defined as the domi-
nant, pair-bonded male and female in the territory,
while the term ‘subordinate included all other birds

(� eight months old) resident in the territory. Subor-
dinates were split into three categories: non-helpers,
subordinate helpers (non-parents) and subordinate
parents. Playing recorded songs at different locations
to provoke territory defence behaviour by the focal
birds identified territory boundaries. Territory size
was assessed using a compass and aerial photo-
graphs. Because the warblers are insectivorous, terri-
tory quality was expressed in terms of insect prey
availability (Komdeur 1992) a factor that has been
assessed on a monthly basis within each breeding
season. Territories were classified into three territory-
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(a) (c)

(b) (d)

Fig. 1. (a) Map showing the Seychelles islands. Populations of Seychelles Warblers on Cousin, Aride as place of
first transfer (September 1988), and Cousine as place of second transfer (June 1990). (b) A complete breeding
group of Seychelles Warblers on high-quality territory: a breeding pair, three helpers and their offspring (twins)
(from left to right: male (1 year, twin), mother (7 years), female helper (4 years), female helper (2 years), female (1
year, twin) father (6 years) and female helper (2 years); photograph: DS Richardson). (c) Increase in Seychelles
Warbler numbers and territories on Cousin Island since 1959. (d) Map of Cousin Island with Seychelles Warbler
territories divided into three quality categories: low-, medium- and high-quality territory (from Komdeur 1992).



quality categories—low, medium or high (Komdeur
1992).

2) Molecular analyses
The sex of each individual within the study popu-

lations was determined using a PCR based method
(Griffiths et al. 1998). Genotypes were identified for
individuals in the Cousin population using 14 mi-
crosatellite markers (Richardson et al. 2000). Coeffi-
cients of relatedness between individuals were deter-
mined using KINSHIP (Goodnight & Queller 1999)
and used to determine, in terms of genetic equiva-
lents, the exact direct and indirect benefits gained by
the subordinates (Richardson et al. 2002). Using
CERVUS (Marshall et al. 1998) parentage was as-
signed with high confidence (� 90%) to all offspring
sampled between 1997–2000 (Richardson et al.
2001).

RESULTS AND DISCUSSION

1) Benefits of helping to subordinates: difference
between the sexes

Indirect fitness benefits have been suggested to be
a major selective force behind the evolution of coop-
erative breeding (Emlen & Wrege 1989; Mumme et
al. 1989; Mumme 1992; Koenig et al. 1992, Emlen
1997). These benefits accrue if helping obeys two re-
quirements. First, helping should result in improved
survival and reproductive success of the breeding
pair. Second, subordinates should preferentially help
more closely related kin. In the Seychelles Warbler,
removal experiments showed that on high-quality ter-
ritories the helping behaviour of subordinates in-
creased the reproductive success of the breeding pair
(Komdeur 1994a). Furthermore, subordinates were
both more likely to become helpers, and provided
more help when they were more closely related to the
recipient (Komdeur 1994b). However, in this study
relatedness was estimated from pedigree data, which
was shown to be inadequate when, a decade later,
using microsatellite based genotyping we found that
complex patterns of shared reproduction and/or extra-
group paternity occur in the Seychelles Warbler
(Richardson et al. 2001, 2002). Furthermore, it was
found that females always become subordinates on
their natal territory (N�43), whereas a significant
percentage of males (25%, N�20) became subordi-
nates on non-natal territories (c 2�8.51, P�0.05;
Richardson et al. 2002), suggesting that the indirect
benefits of helping are more important for females

than for males. Using microsatellite markers to calcu-
late precisely coefficients of genetic relatedness be-
tween individuals (see Richardson et al. 2000), we
found that female subordinates without parentage ac-
curately maximised their indirect benefits by prefer-
entially feeding more related offspring, produced by
relatives of the female subordinate (Fig. 2; Richard-
son et al. 2003a,b). On the other hand, the amount of
help provided by male subordinates was low and in-
dependent of relatedness to offspring (Fig. 2;
Richardson et al. 2003b).

In the Seychelles Warbler unrelated subordinates
(born in other groups) do sometimes help (DS
Richardson, pers. comm.) suggesting that direct bene-
fits, such as improved parental skills or gaining
parentage (Koenig et al. 1992; Cockburn 1998), or
territory inheritance (Emlen 1991; Koenig et al.
1992; Balshine-Earn et al. 1998) are important too.
To test whether helping improved the reproductive
success of subordinates that later become breeders,
we translocated male and female warblers of the
same age but with different degrees of previous
breeding experience, to the islands of Aride and Cou-
sine. Individuals were categorised as: (i) experienced
breeders that had fledged young of their own in a pre-
vious year; (ii) experienced subordinates with no
breeding experience but with helping experience; and
(iii) inexperienced birds that had neither helping nor
breeding experience (see Komdeur 1996b). On the
new islands birds with helping experience that were
paired with an experienced partner produced their
first fledgling as fast as experienced breeders, and
significantly faster than inexperienced birds paired
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Fig. 2. The relatedness (r) of female and male subordinates
to helped or non-helped nestlings. Bars indicate means �SE 
* P�0.05, ** P�0.01 (from Richardson et al. 2003a,b).



with an experienced partner (Fig. 3; Komdeur
1996b). Females with helping or breeding experience
built better nests and spent more time incubating than
inexperienced females. During this period no subor-
dinates assisted any of the breeding pairs. Pairs com-
prising a male with breeding experience and an inex-
perienced female, took four times longer to produce
their first fledgling than pairs consisting of a female
with breeding experience and an inexperienced male
(Fig. 3). This is probably because only females build
nests and incubate the clutch. Once inexperienced
birds had fledged young and had, therefore, acquired

breeding experience, they subsequently improved
their breeding success by producing a second fledg-
ling in the same time interval as birds with either
helping or breeding experience (Fig. 3).

Another direct benefit gained by subordinate Sey-
chelles Warblers is the acquisition of parentage
within the breeding group by sneaking their own eggs
into their mother’s nest (44% of 43 female subordi-
nates; Richardson et al. 2001, 2002). Subordinate
males gained significant less often parentage within
the group (15% of 20 male subordinates) than fe-
males (Fisher’s exact test, P�0.024; Richardson et al.
2002). None of the subordinate females gained repro-
ductive success through egg dumping in other territo-
ries and none of the male subordinates gained extra-
pair fertilisations with females from other groups.
Overall direct benefits were significantly higher than
indirect benefits, although this difference was more
extreme in females (Fig. 4; Richardson et al. 2002).
These results show that females remaining on the
natal territory as helpers gain greater benefits than
male helpers and this may explain why most helpers
are female (percentage subordinates that are female:
88% (Komdeur 1996c) and 68% (Richardson et al.
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Fig. 4. The fitness benefits of cooperative breeding gained
by female and male subordinates in the Seychelles Warbler
(1997–1999). Statistical significance assessed by Mann-Whit-
ney Z statistic. Both female (N�43) and male (N�20) subor-
dinates gain significantly higher direct breeding benefits (open
columns) compared to indirect benefits (filled columns). Di-
rect breeding benefits are significantly higher in females than
in males, but there is no significant difference between the
sexes in indirect breeding benefits. Error bars represent one
standard error (from Richardson et al. 2002).Fig. 3. (A) The number of weeks between pair formation

and the production of the first nest and first fledgling on the is-
lands of Aride and Cousine plotted for male and female birds
with different past experience. (B) The number of weeks be-
tween independence of first fledgling and the production of a
new nest and second fledgling on the islands of Aride and
Cousine plotted for the same male and female birds as in (A),
who have become experienced breeders. In both figures, the
birds were between 3 and 7 years of age (i.e., the period during
which there are no age effects on reproduction), paired with
the same experienced breeding partner, and did not receive as-
sistance from helpers. Statistically significant comparisons de-
termined by Mann-Whitney U tests. Only significant differ-
ences are plotted. Error bars represent one standard error
(from Komdeur 1996b).



2002)).

2) Adaptive manipulation of egg’s sex
Given that helpers on high-quality territories in-

crease their parents’ reproductive success (Komdeur
1994a), it may be that primary birds on high-quality
territories preferentially accept or produce female
subordinates to increase their fitness. On the other
hand, given that helpers on low-quality territories re-
duce their parents’ reproductive success (Komdeur
1994a) females on low-quality territories may prefer-
entially produce males, which disperse in order to
avoid having future helpers. Helpers are mostly fe-
males, and females (in birds females determine the
sex of an offspring because they are the heteroga-
metic (ZW) sex) may adjust the sex of their single
egg to territory quality (Komdeur 1996c). Reviews
from the 1980s were unanimous in the belief that fac-
ultative adjustments of offspring sex ratio at birth
were unlikely to occur in vertebrates (Williams 1979;
Charnov 1982; Clutton-Brock 1986; Bull & Charnov
1988). Sex determination is almost ubiquitously asso-
ciated with chromosome heterogamety, constraining
the physiological or genetic mechanisms for skewing
the sex ratio at birth (Williams 1979, 1992; Krackow
1995). The occurrence of adaptive sex ratio manipu-
lation at laying in birds has, therefore, been ques-
tioned. At the time we were able to demonstrate that

Seychelles Warblers adaptively modify the sex of
their single egg. The fraction of male eggs produced
by unassisted Seychelles Warbler mothers changed
significantly with territory quality (Fig. 5; Komdeur
1996c; Komdeur et al. 1997). Unassisted females on
high-quality territories produced 88% female eggs
(N�32), whereas unassisted females on low-quality
territories produced 77% males eggs (N�57), the dis-
persing sex (Komdeur et al. 1997). This was con-
firmed by experiments: (i) Helper removal experi-
ments confirmed that sex ratio bias was for the pur-
pose of producing helpers. When females on high-
quality territories had their female helpers experi-
mentally removed they switched from producing all
sons to producing 83% females (Komdeur et al.
1997). (ii) Breeding pairs that were transferred from
low- to high-quality territories switched from the pro-
duction of male to female eggs (Komdeur et al.
1997). In the short term, the manipulation of the off-
spring’s sex is directly adaptive from the perspective
of the breeding pair. The next step is to determine
whether egg sex-ratio manipulation results in long-
term inclusive fitness benefits for the breeding pair.

3) Inter-island dispersal
The co-operative breeding and sex-allocation sys-

tem of the Seychelles Warbler is a beautiful example
of behavioural and life history adaptations to re-
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Fig. 5. Sex ratio of nestlings produced by Seychelles Warbler pairs in relation to quality class of breeding territory (tq classes:
low-quality territory, medium-quality territory; and high-quality territory; 1993–1995). No additional young were present on the
territory. Young were hatched from one-egg clutches only in different years (A, 1993: N�46, G-test of independence: D�12.23,
df�1, P�0.0005, proportion male�1/(1�e�z), z��2.68�1.36 (tq class); B, 1994: N�45, D�12.03, df�1, P�0.0005,
z�22.68�1.37 (tq class); C, 1995: N�27, D�12.99, df�1, P�0.0003, z��3.60�2.10 (tq class)). Shaded area represents the
maximal and minimal values for the sex ratio assuming that all unhatched eggs were male, or females, respectively (from
Komdeur et al. 1997)



stricted circumstances. However, a paradox still re-
mains. Genetic parentage analysis has demonstrated
that a substantial proportion of adult female and male
birds died without having produced offspring of their
own (12%; D.S. Richardson, unpublished data).
These warblers would have done better if they had
colonised the suitable islands of Aride and Cousine
by themselves, where initially the annual production
of yearlings by breeding pairs that were artificially
translocated to Aride and Cousine was, on average,
14 times higher than before the translocation
(Komdeur 1996d). These islands have been suitable
for Seychelles Warblers for at least 25 years. Despite
the saturated nature of the Cousin Island population
and the possibility of obtaining higher reproductive
success on new islands (Komdeur 1996d), inter-is-
land dispersal by Seychelles Warblers is extremely
rare. During the 20 years of study only two warblers
(0.10%, N�1,924) have been observed to fly be-
tween these islands (Komdeur et al. in press). Energy
conservation is proposed to be the selection pressure
behind reduced flight ability and, compared to closely
related flying species, flightless birds usually have
smaller pectoral muscles, relative to body mass, wing
shape and wing loading (Livezey 1990; 1992a,b;
McNab 1994b; McCall et al. 1998). The Seychelles
Warbler does not fit the predictions of the energy con-
servation theory, as neither the average pectoral mass
relative to body mass, the skeletal attachment area,
the wing shape nor the wing loading is distinct from
those of its migratory relatives (Komdeur et al. in
press). Seychelles Warblers show the morphological
structures required for sustained flight, but still do not
manage to disperse successfully to relatively close
suitable islands. Seychelles Warblers appear, there-
fore, to have a behavioural reluctance to cross what
they may regard as extensive bodies of water. This
phenomenon of ‘psychological flightlessness’ occurs
in other species that are capable of sustained flight
(Diamond 1981, Raikow 1985). Given the historical
presence of discrete island populations of Seychelles
Warbler and the vulnerability to extinction of such
populations, we would not expect the Seychelles
Warblers to have lost the ability or willingness to dis-
perse across water to colonise new islands. The
anatomical and behavioural bases of dispersal are
subject to natural selection (Diamond 1981). There-
fore, one would expect that the ability to disperse
over water, and settle on nearby suitable islands
(where, as shown by the translocations, individuals
could gain higher fitness) should have been main-

tained in this species. The reluctance to do so could
have developed a long time ago when, perhaps, all
Seychelles islands were fully occupied by warblers.
Under these conditions, dispersal over water was not
an adaptive strategy as all islands may have been sat-
urated with warblers. Perhaps it is only now, after
100 years in which warblers have disappeared from
all but one island, that flying across water to breed on
other islands would be adaptive. The case of the Sey-
chelles Warbler may exemplify the inability of natu-
ral selection to plan ahead!

CONCLUDING REMARKS

The Seychelles Warbler is atypical in cooperative
breeding birds in that females are more likely than
males to become subordinates. Males typically dis-
perse. Our results show that female subordinates gain
significantly higher inclusive fitness benefits than
male subordinates. Female subordinates remain on
their natal territory and obtain higher inclusive repro-
ductive success by helping closely related relatives,
by co-breeding within the group, and through im-
proved future parenting ability. Males often become
subordinates on non-natal territories and so do not
gain indirect reproductive success by helping. The
higher inclusive fitness benefits accruing to female
subordinates may explain why primary females often
skew the sex ratio towards producing female off-
spring (Komdeur et al. 1997). With female subordi-
nates remaining on the natal territory the primary fe-
male gains both an increase in her own productivity
and also indirect benefits associated with subordinate
females breeding. The presence of several female
subordinates in the group may, however, be a disad-
vantage to the primary female, because her direct fit-
ness declines due to competition for food and in-
creased nest failure (mainly egg breakage due to in-
creased pressure from simultaneous incubation;
Komdeur 1994b). Her indirect fitness may also de-
cline because of increased competition over local
breeding vacancies between subordinate female rela-
tives. At this stage female offspring should refrain
from becoming subordinates and disperse. The bal-
ance between these forces should determine whether
offspring become subordinates or not.

There is good evidence that the inclusive fitness
consequences are higher for female subordinates than
for male subordinates in the Seychelles Warbler.
However, the long-term inclusive fitness functions for
subordinates and non-subordinates of both sexes
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should be calculated using molecular parentage
analyses and precise coefficients of genetic related-
ness, in order to predict under which circumstances
males and females should become subordinates.
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