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lasma levels of luteinizing hormone, prolactin, testoster-
ne, and progesterone were measured throughout breed-
ng in masked boobies, red-footed boobies, and red-tailed
ropicbirds at Europa and Tromelin Islands (Indian
cean). LH secretion showed a dampened pattern in the

hree species, particularly in tropicbirds. Such specific
ifferences may be related to the less elaborate courtship
isplays in tropicbirds. Testosterone levels were very
ow throughout breeding in all three species, particularly
n boobies. Low testosterone values in boobies may be
elated to their year-round attendance at the colony. Prolactin
ecretion increased from the prelaying period until the
ncubation and brooding periods and declined thereafter in
oobies but stayed relatively unchanged throughout the
reeding cycle in tropicbirds. The relatively constant prolac-
in secretion in the more pelagic tropicbirds might allow
hem to undertake parental care despite long absences at sea.
oobies perform postfledging care with basal prolactin

evels. For all species, females always have higher prolactin
evels than males. This hormonal dimorphism, being more
ronounced in boobies, may be associated with differences
n parental care between mates. r 2000 Academic Press

Key Words: Sula sula; Sula dactylatra; Phaeton rubri-
auda; prolactin; LH; testosterone; progesterone; sexual
imorphism; reproduction; parental care.
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For seabirds breeding at high latitudes, where food
s abundant for a short season, the annual cycle
ypically follows a precise schedule, and breeding is
ighly synchronized. On the other hand, in tropical
aters, seasonal fluctuations in the food supply are

ften slight and prey availability is fairly uniform for
ost of the year. Consequently, tropical seabirds show
wide range of breeding regimes to fit with local

onditions, resulting in poorly synchronized breeding
Ashmole, 1971). Such differences between high lati-
ude and tropical seabirds raises the question of the
hysiological, regulatory processes underlying breeding.
Only one study has been conducted so far on the

eproductive endocrinology of tropical seabirds (Wing-
eld et al., 1999). Studies conducted on tropical terres-

rial birds during breeding have shown a dampened
attern of LH secretion, regardless of whether species
re seasonal, opportunistic, or aseasonal breeders (De-
en et al., 1994; Levin and Wingfield, 1992). Do tropical
eabirds share the same dampened pattern of LH
ecretion? With regard to testosterone, do tropical
eabirds show the same low testosterone values found
n many terrestrial tropical species (Dittami and Gwin-
er, 1990; Wingfield et al., 1991; Levin and Wingfield,
992)? Some tropical seabird species attend the breeding
olony all year round, even when not engaged in breeding
ctivities (Nelson, 1978). It is of interest to investigate if, as

n terrestrial tropical birds, the changes in testosterone
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evels within a breeding cycle are small or even absent in
pecies that hold year-round territories (Dittami and Gwin-
er, 1985; Dittami, 1987; Wingfield et al., 1990).
A second point concerns the hormonal basis of

arental care in tropical seabirds. Seabirds breeding at
igh latitudes have a chick rearing period which
oincides with the maximum local food availability,
llowing rapid fattening of the chick, before the arrival
f winter. In tropical areas, the weak productivity of

‘blue waters’’ has led to low chick growth rates and
hus a protracted chick rearing period. Instead of
ueling their chick with vast amounts of fat, numerous
pecies have evolved some degree of postfledging care,
ometimes for months (Nelson, 1981; Burger, 1980). Tropi-
al seabirds offer an opportunity for the study of the
elationship between hormone levels and the maintenance
f parental behavior over a long period and particularly
he hormonal basis of the postfledging care.

Prolactin secretion in males and females is broadly
orrelated with their respective contribution to paren-
al duties throughout the breeding cycle (Ball, 1991;
ring et al., 1988). In most cases, the high-latitude

eabirds studied hitherto are consistent with this find-
ng since, when they share roughly equal parental
uties, they showed similar prolactin levels during
reeding (gentoo penguin Pygoscelis papua, Williams
nd Sharp, 1993; black-browed and gray-headed alba-
rosses Diomedea melanophris and D. chrysostoma, Hec-
or and Goldsmith, 1985; king penguin Aptenodytes
atagonicus, Garcia et al., 1996). However, studies on
acaroni penguins Eudyptes chrysolophus (Williams

nd Sharp, 1993), wandering albatross Diomedea ex-
lans (Hector et al., 1986b; Weimerskirch, 1995), and
mperor penguins Aptenodytes forsteri (Lormée et al.,
999) present conflicting results, because prolactin
evels in each sex did not exactly reflect their respective
nvestment in parental duties. Thus, there is as yet no
lear understanding of how diversity in seabird paren-
al care strategies is associated with underlying physi-
logical mechanisms.
Tropical seabirds and especially pelecaniformes ex-

ibit a large range in sexual size dimorphism (Nelson,
978, 1983), from monomorphic (tropicbird) to marked
eversed sexual dimorphism (females being larger
han males: boobies and frigatebirds). This sexual
imorphism is associated with differences in foraging

ehavior and nest attendance during breeding (Nel- a

opyright r 2000 by Academic Press
ll rights of reproduction in any form reserved.
on, 1978; Gilardi, 1992; Anderson and Ricklefs, 1992;
ilardi, 1994). Does such a difference in size dimor-
hism and breeding ecology lead to differences in
rolactin levels between sexes?
The present paper reports changes in plasma levels

f LH, testosterone, progesterone, and prolactin
hroughout the breeding cycle in male and female

asked booby, Sula dactylatra; red-footed booby, Sula
ula; and red-tailed tropicbird, Phaeton rubricauda. The
rediction was that such tropical seabirds with a very
rotracted breeding season should exhibit an attenu-
ted pattern of secretion of LH and steroids in compari-
on with high-latitude breeding species. The study
xamines prolactin secretory variations throughout the
ifferent breeding stages (prelaying, incubation, brood-

ng, shading, rearing, and postfledging care). Finally
he study addresses three species ranging from mono-

orphic (red-tailed tropicbird) to highly dimorphic
masked and red-footed boobies). The fact that three
losely related species are compared tends to reduce
hylogenetic considerations inherent in many other
omparative studies. As sexual size dimorphism has
mplications for parental behavior, particularly foraging
ehavior, it should be expected than in the more dimor-
hic booby species compared with the monomorphic

ropicbird, there would be more accentuated sexual differ-
nces in hormones underlying parental behavior.

ATERIALS AND METHODS

tudy Area and Birds

The study was carried out on Europa Island (22°208

, 40°228 E) and Tromelin Island (15°338 S, 54°318 E), in
he Western Indian Ocean. Europa Island is located in
he Mozambic Channel whereas Tromelin Island lies
orthwest of Madagascar. The study was conducted
uring one stay on Tromelin Island, from mid-
ovember to mid-December 1997, and three stays on
uropa Island from April 1997 to October 1998. The
reeding population of masked boobies from Tromelin
sland (200–250 pairs) exhibits a loosely seasonal breed-
ng pattern (Fig. 1), most eggs being laid between June
nd November (Le Corre, 1996). Masked boobies lay
wo eggs on the ground which are incubated for

pproximately 45 days but only one chick is fledged. In
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his species the chick is fed for 120 days but postfledg-
ng care can extend the chick rearing period to 156
ays (Nelson, 1978). Large colonies of red-footed
oobies and red-tailed tropicbirds breed on Europa
sland (respectively both 3000 to 4000 pairs); red-
ooted boobies breed during the austral winter from
uly to December, whereas tropicbirds breed in sum-

er, from November to April (Fig. 1; see Le Corre and
ouventin, 1997). Red-footed boobies nest in trees

hile tropicbirds nest on the ground and both species
ay a single egg which is incubated for 45 days. Chicks
edge at approximately 100 and 85 days, respectively.
ed-footed boobies also perform postfledging care for
bout 1 month. Adult tropicbirds do not perform
ostfledging care (Nelson, 1978; Fleet, 1974; M. Le
orre, unpublished data).

lood Sampling

Birds were captured on the nest by hand or with a

IG. 1. Annual variation in day length on Europa Island (black do
dotted line), red-footed boobies (solid line), and red-tailed tropicbir
orre unpublished data; masked booby, after Le Corre, 1996).
anding net and ringed with a metal ring (masked B
ooby, n 5 77; red-footed booby, n 5 152; red-tailed
ropicbird, n 5 116). Within each pair, one adult was
yed with picric acid marks on crown and belly,
llowing further identification from distance and
hereby reducing disturbance at the nest. Blood samples

ere collected from birds throughout the breeding
eriod which was divided into seven reproductive
tages: (1) the prelaying stage, which includes the
opulation and nest building periods; (2) the first half
f the incubation; (3) second half of the incubation (for
asked boobies, these two breeding stages were pooled

ogether because of the small sample sizes); (4) brood-
ng of the non-thermally independent chick; (5) shad-
ng of the nearly homeothermic chick; (6) rearing of the
arge, thermally independent chick until it fledges
before the first flight); and (7) the postfledging care
eriod (feeding of the flying chick). In this later stage,
dults were sampled just after they fed the chick. Birds
ere sampled only once in a given reproductive stage.

Tromelin Island (white dot). Laying frequencies of masked boobies
ken line) are given below (red-footed booby and tropicbird, after Le
t) and
ds (bro
ecause of the loosely seasonal breeding pattern of the

Copyright r 2000 by Academic Press
All rights of reproduction in any form reserved.
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pecies studied, all breeding stages could be sampled
t roughly the same time. Blood sample were taken
etween 0730 and 1730 h, by collecting a maximum of
ml of blood (range 0.3–2 ml) from the tibial vein into
eparinized tubes. Samples were put on ice and
entrifuged as soon as possible; afterward plasma (for
ssays) and red cells (for sexing) were stored at 220°C.

exing

Boobies were sexed using voice (notes are higher
itched and more metallic in males, Nelson, 1978; H.
ormée et al., unpublished data) and bill coloration

masked booby, Nelson, 1978). Additionally some birds

IG. 2. Dose–response curves for LH (a) and prolactin (b) of chicke
nd prolactin standards are expressed in pg/tube.
ere sexed using behavioral observation (laying, copu- A

opyright r 2000 by Academic Press
ll rights of reproduction in any form reserved.
ation). Since tropicbirds do not show any obvious
exual dimorphism, the birds were sexed using a
olecular method (Fridolfsson and Ellegren, 1999).

he results were first validated on birds of known sex,
sing behavioral observations during copulation (trop-

cbirds, two females and one male; red-footed booby,
ne male and one female). To perform molecular
exing, DNA was prepared from red cells: DNA extrac-
ion was performed by adding 500 µl PLB to 5 µl of
lood. After centrifugation, the pellet was again washed

n 1 ml PLB. After removing the supernatant, the pellet
as incubated for 1 h at 58°C with proteinase K (0.01%

n PEB buffer). PCR reactions were performed in 20-µl
ol on a Perkin–Elmer 9600 thermal cycler using 0.5 U

ked booby, red-footed boody, and red-tailed tropicbird plasma. LH
n, mas
mpliTaq polymerase, 200 µM dNTPs, 10 mM Tris–
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Hormones and Breeding in Tropical Seabirds 417
Cl, pH 8.3, 50 mM KCl, 2 mM MgCl2, and 2 pmol of
rimers 2550F (58-GTTACTGATTCGTCTACGAGA-
8) and 2718R (58-ATTGAAATGATCCAGTGCTTG-
8). The thermal profile comprised an initial denatur-
ng step of 94°C for 4 min. Then 25–35 additional cycles

ere ran at an annealing temperature of 50°C. Denatur-
tion was at 94°C for 30 s, annealing was for 30 s, and
xtension was at 72°C for 40 s. A final extension step of
min was added after the last cycle. PCR products
ere separated in 1% agarose gels, run in standard
BE buffer for 1 h, and visualized by ethidium bro-
ide staining.

ormone Assays

Plasma concentrations of prolactin, LH, testoster-

FIG. 2
ne, and progesterone were determined by radioimmu- T
oassays at the CEBC (Cherel et al., 1994; Mauget et al.,
994). For LH and prolactin (sources: LH, Professor
shii and Professor Wakabayashi, Wadesa University,
apan; prolactin, Dr. Parlow, NHPP Harbor–UCLA

edical Center, Los Angeles, CA), pooled plasma
amples of each species produced dose–response curves
hat paralleled the chicken LH and prolactin standard
urves (Figs. 2a and 2b), their slopes being not signifi-
antly different (LH, chicken 2.39, red-footed booby
.37, masked booby 2.09, red-tailed tropicbird 2.61;
rolactin, chicken 2.1, red-footed booby 1.41, masked
ooby 1.19, red-tailed tropicbird 1.48). The intraassay
oefficients of variation for LH and prolactin were 9.7
nd 7.8%, respectively. The interassay coefficient of
ariation for LH (n 5 3) was 16.5%. Only two assays
ere performed for prolactin, with a variation of 8.3%.

inued
Cont
he lowest detectable quantities for testosterone and

Copyright r 2000 by Academic Press
All rights of reproduction in any form reserved.
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rogesterone, which were significantly different from
ero at a 90% confidence level, were 3.9 and 7.8
g/tube, respectively. This corresponds to 0.039 and
.078 ng/ml.

tatistical Analysis

Statistical analyses were performed using SYSTAT
.0 (Wilkinson, 1997). All statistical tests are two-tailed,
nd probability levels ,0.05 were considered signifi-
ant. Values are presented as means 6 standard error.
or LH and prolactin, a two-way ANOVA was used to
tudy the effects of sex and breeding stages on hor-
one values, followed by post hoc Tukey test. For LH
e pooled values of the rearing and postfledging stage

o increase the sample size and make a stronger
nalysis. Despite log10 transformation, prolactin data
ets in red-footed boobies and LH in masked boobies
nd red-tailed tropicbirds were not normally distrib-
ted. Such a nonnormal distribution in hormonal
alues is commonly encountered when describing
eproductive hormone patterns. However, F test is
emarkably robust to deviations from normality (see
indman, 1974). Furthermore, the effects detected in

he two-way ANOVA were also confirmed using non-
arametric tests.

ESULTS

H Changes Throughout the Breeding Cycle

Plasmatic LH varied significantly during the breed-
ng cycle in both sulids species (masked, F 5 13.88,

, 0.001; red-footed, F 5 8.007, P , 0.001; Figs. 3a
nd 4a), being the highest during prelaying and de-
reasing significantly when birds began incubation.
he decline was more pronounced in red-footed boo-
ies (threefold decrease) than in masked boobies
around twofold). From this period until the end of the
reeding cycle, LH values remained low. Adults per-
orming postfledging care displayed low LH values
imilar to those found when rearing a large, thermally
ndependent chick fledge. In contrast, plasma LH in
ropicbirds were relatively unchanged throughout
reeding (F 5 3.27, P 5 0.075; Fig. 5a) and plasma
evels of LH encountered during the parental phase t

opyright r 2000 by Academic Press
ll rights of reproduction in any form reserved.
incubation and chick rearing) were very similar to
hose during the prelaying period.

omparison of LH Levels between Sexes

Male masked boobies had slightly higher LH values
han females during the breeding cycle (F 5 4.84,

5 0.033; Fig. 3a). There was a similar pattern in
ed-footed boobies but the difference was not statisti-
ally significant (Fig. 4a). In both boobies, males and
emales performing postfledging care also had similar
H values. Females tropicbirds tended to show higher
H plasma titers than males at every breeding stage

P 5 0.075), particularly during the brooding stage
Fig. 5a).

teroid Changes throughout the Breeding Cycle

In both boobies, most testosterone values were
elow the level of detection except during the prelay-

ng period (Figs. 3b and 4b). In tropicbirds, the highest
estosterones were found during the prelaying period.
rom this period onward, testosterone levels progres-
ively decreased until the chick rearing period (Fig.
b). In contrast to boobies, testosterone levels re-
ained detectable during the incubation and brooding

eriods.
Progesterone secretion did not show any clear pat-

ern in the two sulid species and were close to
ndetectability throughout most of the breeding cycle

Figs. 3c and 4c). In tropicbirds (Fig. 5c), progesterone
iters were highest during the prelaying and the first
alf of incubation periods and returned to basal levels
uring the second half of the incubation period.

omparison of Steroid Levels between Sexes

There were no significant sexual differences in the
hree species, whatever the breeding stage, excepted
or testosterone in both booby species (Figs. 3b and 4b),
n which males tended to show higher testosterone
iters than females during the prelaying period.

rolactin Changes throughout the Breeding Cycle

Plasma levels of prolactin varied significantly over

he different phases of the breeding cycle (masked
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IG. 3. Variation throughout the breeding cycle in mean plasma levels (6SE) in masked booby for (a) LH, (b) testosterone, (c) progesterone,
nd (d) prolactin. Values are presented as means 6 SE. Samples sizes are given above the bars.
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IG. 4. Variation throughout the breeding cycle in mean plasma levels (6SE) in red-footed booby for (a) LH, (b) testosterone, (c) progesterone,
nd (d) prolactin. Values are presented as means 6 SE. Samples sizes are given above the bars.
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IG. 5. Variation throughout the breeding cycle in mean plasma levels (6SE) in red-tailed tropicbird for (a) LH, (b) testosterone, (c)
rogesterone, and (d) prolactin. Values are presented as means 6 SE. Samples sizes are given above the bars.
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ooby, F 5 35.19, P , 0.001; red-footed booby,
5 65.42, P , 0.001; tropicbird, F 5 18.19, P , 0.001).
owever, such variations were less pronounced in

ropicbirds (Fig. 5d). In boobies, prolactin titers in-
reased from the prelaying stage until the end of
ncubation (P , 0.001) and were maintained over the
rooding period. Thereafter prolactin secretion de-
lined from the end of the brooding period until the
nd of the rearing period (Figs. 3d and 4d). In both
ulids, birds performing postfledging care had lower
rolactin values than when rearing the large, ther-
ally emancipated chick (masked boobies, F 5 20.37,
, 0.001; red-footed boobies, F 5 6.30, P 5 0.022). In

ropicbirds, prolactin values increased from the prelay-
ng stage to the first half of incubation (P 5 0.001) and

ere unchanged until the end of the brooding period.
hereafter prolactin secretion declined slightly until

he end of the chick rearing period (Fig. 5d).

omparison of Prolactin Levels between Sexes

Females always had higher prolactin levels than
ales in all the species (masked booby, F 5 50.84,
, 0.001; red-footed booby, F 5 34.86, P , 0.001; trop-

cbird, F 5 18.69, P 5 0.004). This hormonal dimor-
hism persisted throughout the whole breeding cycle

n red-footed boobies (Fig. 4d). In masked boobies (Fig.
d), there were greater levels in females from the
ncubation period to the shading period, except during
he chick rearing period (P 5 0.26). From hatching
ntil the shading period, prolactin secretion declined

n males (P 5 0.053) but not in females. When perform-
ng postfledging care, female masked boobies had
igher prolactin levels than males (F 5 9.73, P 5 0.017).
here was no such difference in red-footed boobies.
exual differences in prolactin levels were significantly
aintained in tropicbirds only from the second half of

ncubation to the shading period (Fig. 5d).

ISCUSSION

H Secretion and Breeding Initiation

As in high-latitude seabirds, tropical seabirds show
ypical high LH values during the sexual phase of the

reeding cycle, that is, nest building and copulation. In d

opyright r 2000 by Academic Press
ll rights of reproduction in any form reserved.
ed-footed boobies, most of the birds engage in prelay-
ng activities as photoperiod decreases, whereas most
f the tropicbirds start breeding as day length in-
reases. Thus it is possible that LH secretion is associ-
ted with a decreasing (red-footed booby) or increas-
ng (tropicbird) photoperiod. However, in these two
pecies, breeding pairs can be found totally outside
heir respective season. Furthermore, in masked boo-
ies, breeding occurs during both increasing and
ecreasing day length. It may be that the variation in
hotoperiod is not a primary factor in the initiation of
H secretion, although we cannot preclude that LH

evels might differ between early and late breeders.
ndeed, at Europa Island, breeding of red-footed boo-
ies is known to rely on peculiar sea-surface tempera-
ures and the occurrence of tuna schools (M. Le Corre,
npublished data).
LH secretion in the three tropical seabirds studied
ithin the breeding cycle was relatively low (red-

ooted booby, increase of about three- to fivefold from
inimum to maximum levels; masked booby, about

wofold; tropicbird, less than twofold). This is in
ontrast with high-latitude breeders like penguins in
hich plasma LH values are five- to sevenfold higher
uring the sexual phase of the breeding cycle than
uring the rest of the breeding cycle (Groscolas et al.,
986; Williams, 1992; Mauget et al., 1994), eightfold in
erring gull Larus argentatus (Scanes et al., 1974),
vefold in black-browed and gray-headed albatrosses

Hector et al., 1986a), and three- to fourfold in Cape
ormorant Phalacrocorax capensis (but with large interin-
ividual variations; Berry et al., 1979). Lower varia-

ions are the exception in some high-latitude breeding
eabirds (around twofold in male wandering alba-
rosses, Hector et al., 1986b; about twofold in Magel-
anic penguin, Fowler et al., 1994). The attenuated LH
ariation in tropical seabirds may be a consequence of
heir relatively unseasonal breeding, as in ostriches,
truthio camelus, breeding at low latitudes (Degen et al.,
994).

H and Breeding Behavior

LH secretion peaks during courtship and nest-
uilding periods (Sharp et al., 1998; Ball, 1991). In the
resent study, tropicbirds exhibited similar LH values

rom prelaying until the end of incubation. The LH

ecline after the prelaying period is much more marked
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n the two boobies. Such a difference may be the result
hat, in contrast to boobies, tropicbirds do not build a
est and do not perform extensive and elaborate
ourtship displays (Nelson, 1983).

estosterone and Breeding Behavior

Average testosterone levels were low and often close
o being undetectable in the two boobies and to a lesser
xtent in tropicbirds. Such a finding agrees with
revious studies on tropical terrestrial species (Dittami
nd Gwinner, 1990; Levin and Wingfield, 1992) and
esults found in blue-footed boobies (Wingfield et al.,
999), which showed that, as a rule, tropical birds have
ower testosterone titers during breeding than temper-
te species. Nevertheless, the highest testosterone and
H titers within the breeding cycle were found at the
ame period (prelaying period) which concurs with
he general pattern found in temperate species (Ball,
991).
Testosterone values during the prelaying period
ere higher in tropicbirds than in the two sulid

pecies. Furthermore, in both boobies, testosterone
iters were virtually undetectable after the prelaying
eriod. In contrast, in tropicbirds, testosterone progres-
ively decreased from the prelaying to the rearing
eriod, but with plasma levels staying detectable
uring the incubation and brooding periods. The
esults on boobies are consistent with data obtained on
errestrial tropical species holding year-round territo-
ies and showing few or no obvious changes in
estosterone secretion (Dittami and Gwinner, 1985;
ittami, 1987; Levin and Wingfield, 1992; see also the

‘Challenge Hypothesis’’ in Wingfield et al., 1990).
ndeed, contrary to tropicbirds which only hold a
erritory for 6 months, masked and red-footed boobies
ttend the colony all year round, even outside the
eproductive season (Nelson, 1978). Blue-footed boo-
ies, which stay in the vicinity of the breeding colonies
ll the year long, also display testosterone values
hich decline to basal levels from the egg laying phase

o the parental phase (Wingfield et al., 1999).
Within the three species studied, female plasma

estosterone levels are often similar to those of males
nd vary in a similar way. Elevated testosterone
oncentrations have been reported in female Western
ull, Larus occidentalis, which shares the defense of the

erritory with the male (Wingfield et al., 1982), as also c
n females gray-headed and black-browed albatrosses
Hector et al., 1986a). Hall (1986) reported that testoster-
ne levels were similar in male and female Cape
annet, Sula capensis, before laying. Wingfield et al.
1999) also found similar testosterone values in male
nd female blue-footed boobies. For both boobies and
ropicbirds, the male is more responsible for the estab-
ishment of the territory, occupying the nest site first,
nd, in the case of boobies, often bringing materials to
he female which constructs the nest (Nelson, 1978;
leet, 1974). By the time the egg is laid, both mates
efend the nest against intruders or conspecifics; it is

hus not surprising that females and males have
elatively similar testosterone levels during this pe-
iod. In monogamous birds, it has been suggested that
here was a positive relationship between the absolute
imorphism index (mean of the sum scores from body
ize, plumage, and territorial aggression) and the ratio
f circulating testosterone in males versus females
Wingfield, 1994). Data obtained from the less dimor-
hic species, the red-tailed tropicbird, fit such a relation-
hip since testosterone ratio, during the prelaying, is
lose to 1. However, when considering data from
ed-footed, masked (this study), and blue-footed boo-
ies (Wingfield et al., 1999), the relationship becomes

ess evident. In boobies, females are larger than males
around 20%), blue-footed boobies being the most
imorphic (Nelson, 1979). However, testosterone ratio
uring the prelaying period is the highest in masked,

he lowest in red-footed, and intermediate in blue-
ooted boobies.

rogesterone and Breeding Behavior

In both boobies, progesterone titers were close to
ndetectability throughout breeding and show no
bvious secretory patterns. The sustained elevation of
rogesterone in the first part of incubation in red-tailed

ropicbirds may suggest a role for progesterone in
ssociation with prolactin, in the transition from sexual
o parental behavior (Silver, 1990).

rolactin Secretion and Parental Care

In all three species, there were elevated prolactin
iters during incubation and the brooding period.
mong seabirds, elevated prolactin values are typi-
ally found during the incubation and when brooding

Copyright r 2000 by Academic Press
All rights of reproduction in any form reserved.



t
G
a
a
l
v
p
c
s
H
t
u
p
i
s
m
s
p
g
s
b
f
s
p
c
1
L
p
m
p
c
i
b
(
t
a
r
1
c
c
m
a
f

r
e
p

l
d
b
b
b
o
l

S

l
s
p
t
b
t
o
b
e
a
t
h
i
p
s
e
(
b
n
t
a
R
s
a
f
b
b
S
t
m
s
1
t
f
t
c

424 Lormée et al.

C
A

he non-thermally independent chick (Hector and
oldsmith, 1985; Hall, 1986; Williams, 1992; Garcia et

l., 1996; Lormée et al., 1999). Prolactin titers decline
fter brooding in the two boobies and adults rearing a
arge, thermally independent chick have prolactin
alues that are similar or lower to those during the
relaying period. Such dissociation between parental
are and prolactin secretion has been reported for
everal seabird species (Williams and Sharp, 1993;
ector and Goldsmith, 1985). However, in the red-

ailed tropicbird, prolactin secretion stays relatively
nchanged from incubation to the end of the rearing
eriod. In this latter species, since the brooding period

s rather short, a marked decline of the prolactin
ecretion would be expected when the chick is ther-
ally independent. It seems therefore that prolactin

ecretion does not depend exclusively on the type of
arental care performed. An alternative way to investi-
ate the relationship between the pattern of prolactin
ecretion and the parental behavior in seabirds could
e to consider how pelagic these species are in their
oraging behavior. Recent studies on pelagic seabirds
uch as king and emperor penguins have shown that
rolactin secretion was maintained relatively un-
hanged throughout the breeding cycle (Cherel et al.,
994; Jouventin and Mauget, 1996; Garcia et al., 1996;
ormée et al., 1999). The authors suggested that ‘‘a
rolactin secretion, independent of external stimuli,
ight have evolved in pelagic seabirds to maintain

arental care despite long absences from the breeding
olony.’’ During the rearing of the large, thermally
ndependent chick, red-footed boobies and masked
oobies perform foraging trips rarely exceeding 24 h
Nelson, 1978; H. Lormée, unpublished data). In con-
rast to inshore foraging boobies, tropicbirds are oce-
nic foragers and spend up to 3 days at sea during the
earing of the thermally independent chick (Fleet,
974). This study supports the idea that the relative
onstancy of prolactin secretion over the reproductive
ycle in tropicbirds may have evolved to reconcile the
aintenance of the parental care despite long absences

t sea and therefore the prolonged absence of stimuli
rom eggs or chicks.

The present results show that postfledging care in
ed-footed and masked boobies does not rely on
levated prolactin levels. Parental care after fledging is

erformed as prolactin is still declining and even n

opyright r 2000 by Academic Press
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ower than during the rearing of the thermally indepen-
ent chick. It is probable that the vigorous begging
ehavior of the fledging chick at this time, that is, wing
eating, head jobbing, and sometimes aggressively
eating the adult’s bill (Nelson, 1978), is sufficient to
btain food from parents despite very low prolactin

evels.

exual Dimorphism in Prolactin Secretion

In the present study, females had higher prolactin
evels than males during the breeding cycle in all three
pecies. Interestingly, this hormonal dimorphism is
articularly marked in the boobies which also show

he most pronounced sexual size dimorphism (females
eing about 20% larger than males). It is of note that in
he Cape gannet, where males and females show no
bvious size dimorphism, prolactin levels are similar
etween sexes throughout breeding (Hall, 1986). How-
ver, in the monomorphic tropicbirds, prolactin titers
re always slightly but constantly higher in females
han in males. In the case of red-footed boobies, this
ormonal sexual dimorphism is exhibited when breed-

ng since nonbreeding males and females have similar
rolactin values (H. Lormée, unpublished data). Does
uch a hormonal dimorphism correspond to differ-
nces in parental care performed by males and females
Ball, 1991; Oring et al., 1988)? Some studies on tropical
oobies have given insights into sexual differences in
est attendance and foraging behavior which support

his hypothesis (longer stays at sea in female masked
nd brown boobies Sula leucogaster, Anderson and
icklefs, 1992; Gilardi, 1992; and longer brooding

pells in female blue-footed booby, Sula nebouxii, Guerra
nd Drummond, 1995). Furthermore, at Europa Island,
emales of red-tailed tropicbirds and red-footed boo-
ies spend more time on the nest than males when
rooding the chick (H. Lormée, unpublished data).
imilarly, it has been suggested in emperor penguins
hat, due to longer absences at sea than males (up to 2

onths), females might need higher prolactin levels to
uccessfully achieve parental behavior (Lormée et al.,
999). A similar relationship could arise in these
ropical seabirds: as females tend to spend more time
oraging at sea, they may need more sustained prolac-
in levels to maintain appropriate parental care. To
onfirm such a conclusion, more precise data are

eeded on the respective parental contribution of



r
h

o
b
i
l
a
i
f
t
s
B
w
o
e
t
d
o
t
s
p
1
p
s
p
t
r
s
t
t
p
s
h
i

A

l
I
T
o
R
h
c
(

M
c
g
c
p
i
L
T
a
f
f

R

A

A

B

B

B

C

D

D

D

D

F

Hormones and Breeding in Tropical Seabirds 425
ed-footed boobies and tropicbirds during the post-
atching period.
In conclusion, the present study provides new data

n the endocrinology of reproduction of tropical sea-
irds. LH and steroid secretions throughout the breed-

ng cycle were relatively attenuated, and testosterone
evels were lower in the species attending the colony
ll year round (boobies) than in more seasonal breed-
ng species (tropicbirds). However, the role of proximal
actors such as photoperiod and food availability, in a
ropical marine environment, on the onset of LH
ecretion in seabirds must be investigated further.
ecause field work was concentrated into some months,
e did not attempt to describe the seasonal variation

f LH and steroids over the year. Thus, we cannot
xclude that these hormonal levels in a given reproduc-
ive stage may differ between early and late breeders,
ue to a seasonal influence. For prolactin, results
btained on the most pelagic species, the red-tailed
ropicbird, concur with the hypothesis that prolactin
ecretion has evolved in pelagic seabirds to maintain
arental care despite long absences at sea (Garcia et al.,
996; Lormée et al., 1999). Finally the sexual dimor-
hism in the prolactin secretion paralleled the sexual
ize dimorphism and possibly sexual differences in the
arental care performed. This offers large opportuni-

ies, in a group (Pelecaniformes) exhibiting a wide
ange of parental care strategies, to explore the relation-
hip between hormones and parental care. Experimen-
al investigations within dimorphic and monomorphic
ropical seabirds species, using manipulations of the
arental behavior and looking for the hormonal re-
ponses, could allow a better understanding of how
ormones, particularly prolactin, affect parental behav-

or in seabirds.
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rouvé, D. Bouret, and G. Luneau for their excellent technical
ssistance; M. Le Corre and C. Le Corre for their help; and Y. Cherel
or his comments on the draft. Finally, we are grateful to R. Mauget
or his constructive comments on earlier drafts of the manuscript.

EFERENCES

nderson, D. J., and Ricklefs, R. E. (1992). Brood size and food
provisioning in masked and blue-footed boobies (Sula spp.).
Ecology 73(4), 1363–1374.
shmole, N. P. (1971). Seabird ecology and the marine environment.
In ‘‘Avian Biology’’ (D. S. Farner and J. R. King, Eds.), Vol. 1, pp.
224–286. Academic Press, New York.

all, G. F. (1991). Endocrine mechanisms and the evolution of avian
parental care. In ‘‘Acta XX Congressus Internationalis Ornitho-
logici,’’ pp. 984–992.

erry, H. H., Millar, R. P., and Louw, G. N. (1979). Environmental
cues influencing the breeding biology and circulating levels of
various hormones and triglycerides in the Cape cormorant. Comp.
Biochem. Physiol. A 62, 879–884.

urger, J. (1980). The transition to independence and post-fledging
parental care in seabirds. In ‘‘Behavior of Marine Animals’’ Vol. 4.
‘‘Marine Birds’’ (J. Burger, B. L. Olla, and H. E. Winds, Eds.).
Plenum, New York.

herel, Y., Mauget, R., Lacroix, A., and Gilles, J. (1994). Seasonal and
fasting-related changes in circulating gonadal steroids and prolac-
tin in king penguins, Aptenodytes patagonicus. Physiol. Zool. 67,
1154–1173.
egen, A. A., Weil, S., Rosenstrauch, A., Kam, M., and Dawson, A.
(1994). Seasonal plasma levels of luteinizing and steroid hormones
in male and female domestic ostriches (Struthio camelus). Gen.
Comp. Endocrinol. 93, 21–27.
ittami, J. P. (1987). A comparison of breeding and moult cycles and
life histories in two tropical starling species: The blue-eared glossy
starling, Lamprotornis chalybaeus, and Ruppell’s long-tailed glossy
starling, L. purpuropterus. Ibis 129, 69–85.
ittami, J. P., and Gwinner, E. (1985). Annual cycles in the African
stonechat Saxicola torquata axillaris and their relationship to envi-
ronmental factors. J. Zool. Lond. 207, 357–370.
ittami, J. P., and Gwinner, E. (1990). Endocrine correlates of
seasonal reproduction and territorial behavior in some tropical
passerines. In ‘‘Endocrinology of Birds: Molecular to Behavioral’’
(M. Wada, S. Ishii, and C. G. Scanes, Eds.), pp. 225–233. Japan Sci.
Soc. Press, Tokyo/Springer-Verlag, Berlin.

leet, R. (1974). The red-tailed tropicbird on Kure atoll. Ornithol.

monogr. 16, 1–64.

Copyright r 2000 by Academic Press
All rights of reproduction in any form reserved.



F

F

G

G

G

G

G

H

H

H

H

J

L

L

L

L

L

M

N

N

N

O

S

S

S

W

W
W

W

W

W

W

W

W

426 Lormée et al.

C
A

owler, G. S., Wingfield, J. C., Boersma, P. D., and Sosa, R. A. (1994).
Reproductive endocrinology and weight change in relation to
reproductive success in the Magellanic penguin (Spheniscus magel-
lanicus). Gen. Comp. Endocrinol. 94, 305–315.

ridolfsson, A. K., and Ellegren, H. (1999). A simple and universal
method for molecular sexing of non-ratite birds. J. Avian Biol. 30,
116–121.
arcia, V., Jouventin, P., and Mauget, R. (1996). Parental care and the
prolactin secretion pattern in the king penguin: An endogenously
timed mechanism? Horm. Behav. 30, 259–265.
ilardi, J. D. (1992). Sex-specific foraging distributions of brown
boobies in the eastern tropical Pacific ocean. Col. Water. 15(1),
148–151.
ilardi, J. D. (1994). Great frigatebird kleptoparasitism: Sex-specific
host choice and age-related proficiency. Condor 96, 987–993.
roscolas, R., Jallageas, M., Goldsmith, A., and Assenmacher, I.
(1986). The endocrine control of reproduction and molt in male
and female emperor (Aptenodytes forsteri) and Adélie (Pygoscelis
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