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Substantial amounts of maternal androgens are found in birds’ eggs and have been shown to benefit offspring
development. Within-clutch patterns of increasing androgen concentrations over the laying sequence are often
hypothesized to compensate for the negative effects of hatching asynchrony. However, detrimental effects to offspring
fitness of exposure to high yolk androgen levels have also been demonstrated. This suggests that mothers should forego
these costs to their offspring when the need for compensation for hatching asynchrony is low or when alternative
compensatory strategies, e.g. in terms of increasing egg mass, are available. Here we show that in the south-temperate lesser
double-collared sunbird Nectarinia chalybea, a species with hatching asynchrony but also with high survival of last-hatched
chicks, mothers do not deposit resources differentially in terms of either yolk androgen concentration or egg mass across
the laying sequence. We discuss to what extend this challenges the original explanation of within-clutch variation in these
egg parameters and offer some explanation for their between-clutch variation which was related to female body mass.

Initiation of incubation before clutch completion occurs in
many bird species, often resulting in asynchronous hatching.
Hatching asynchrony (HA) in turn leads to a competitive
hierarchy within the brood, frequently with negative con-
sequences for later-hatched chicks (e.g. see Starck and
Ricklefs 1998). Many hypotheses have been put forward to
explain the adaptive benefits of HA (e.g. Clark and Wilson
1981, Stenning 1996). These include the ‘brood-reduction’
hypothesis (Lack 1947, Forbes et al. 1997), the ‘egg-
viability’ hypothesis (Veiga 1992, Cook et al. 2003) and
the ‘nest-failure’ hypothesis (Richter 1982). The first
suggests hatching asynchrony facilitates brood reduction
when food availability is unpredictable and may be insuffi-
cient to raise all chicks. The other two hypotheses suggest
that females have no choice but to accept the costs of HA, i.e.
reduced survival of last-hatched chicks, because delayed
onset of incubation would compromise reproductive output
because of reduced hatchability or increased predation risk.

Recent studies show that there are several ways in which
mothers can compensate for the detrimental effects of HA,
supporting a brood survival strategy. Maternal yolk andro-
gens have been found in the eggs of many species and often
increase with the position of the egg in the laying order.
Schwabl (1993) was the first to propose that such
differential allocation modifies the chick size hierarchy
that arises as a consequence of HA thus mitigating its
detrimental effects. Subsequently, several other studies of

maternal yolk androgen levels, which are listed below, have
corroborated this interpretation. Experimental elevation
of yolk androgens shortens hatching time (black headed
gull Larus ridibundus; Eising et al. 2001, 2003; but see
Sockman and Schwabl 2000; American kestrel Falco
sparverius), and comparative studies show a positive
relationship between yolk androgen levels and embryonic
development rates in passerines (multiple passerine species:
Gorman and Williams 2005, Schwabl et al. 2007; the same
trend in Gil et al. 2007 did not reach statistical signifi-
cance). Yolk androgens have also been shown to affect
begging behaviour positively (canaries Serinus canaria;
Schwabl 1993, black headed gulls; Eising and Groothuis
2003, yellow legged gull Larus michahellis; Boncoraglio
2006). This is consistent with the finding that yolk
androgens stimulate the development of the neck muscle,
involved in both hatching and begging behaviour (Euro-
pean starlings Sturnus vulgaris; Lipar 2001). However, the
few studies that have experimentally manipulated yolk
androgens in the context of hatching asynchrony found
only slight increases in growth rates of later-hatched chicks
(black headed gulls; Eising et al. 2001, canaries; Schwabl
1993), and a concomitantly weak (Eising et al. 2001,
European starlings: Pilz et al. 2004), or detrimental
(American kestrels: Sockman and Schwabl 2000, reviewed
in Groothuis et al. 2005a) effect on chick survival. There-
fore, the available results do not consistently support the
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hypothesis that maternal yolk androgens compensate detri-
mental effects of hatching asynchrony.

Within-species comparisons of HA and within-clutch
yolk androgen variation yielded contradictory results.
Müller et al. (2004) found for black headed gulls that
the within clutch increase of yolk testosterone correlated
positively with the degree of hatching asynchrony. By
contrast, Ellis et al. (house wren Troglodytes aedon: 2001)
found no differences in within-clutch androgen patterns
between synchronously and asynchronously hatching
clutches. Clearly, the widely cited hypothesis that avian
mothers may compensate for the negative effects of
hatching asynchrony by within-clutch variation of andro-
gens in their eggs is in need of further testing and
scrutiny.

We investigated whether female lesser double-collared
sunbirds Nectarinia chalybea compensate for the disadvan-
tages of last-hatched offspring by providing them with
increased concentrations of yolk androgens. In this species,
incubation starts after the first egg is laid, resulting in
asynchronous hatching over one to two days. If not
depredated, most chicks that hatch fledge successfully
(Schmidt 1964, Skead 1967, Eising pers. obs.), suggesting
at least a partial compensatory measure for HA. If this
compensation comes in the form of yolk androgens, we
expected to find an increase of yolk androgen concentra-
tions over the laying order.

In addition, we also investigated whether there was a
pattern of increasing egg mass across the laying order.
Beneficial effects of differential egg nutrient allocation for
brood survival have been reported (e.g. Hargitai et al. 2005,
Rosivall et al. 2005), but simultaneous increases in both egg
mass and androgen level have not been documented.
Although it remains unclear why the one or other
compensatory strategy is more commonly found within
species, this could be related to the trade-off between
nutrient availability (i.e. costs of egg production) and the
costs associated with exposure to high androgen levels to
immune function (Groothuis et al. 2005b, Müller et al.
2005). When food availability is not constraining egg size,
mothers could be expected to invest more in egg mass,
which is costly only to them, rather than in increased yolk
hormones, which are costly to their offspring.

Methods

Study area and species

Lesser double-collared sunbirds were studied at Koeberg
Nature Reserve (338 41?S, 188 27?E), South Africa. Be-
tween Aug. and Oct. 2005, 34 sunbird territories were
regularly monitored for nest-building activity and egg
laying. We caught 16 females originating form 16 different
territories using mist-nets and measured tarsal length (to
0.1 mm) and body mass (to 0.01 g). Female body mass and
tarsus length were normally distributed, and were unrelated
to date of capture (P�0.29 and P�0.84, respectively, n�
16), or to each other (P�0.78).

Clutch, egg and yolk measurements

We weighed 135 eggs from 62 clutches on 34 territories.
Laying order and laying date were known for 101 eggs and
most of those were weighed on the day of laying (n�75) or
the day after (n�19). Six were measured on d two and one
on d three. Some clutches were depredated before comple-
tion, and clutch size was known for 50 clutches (26 2-egg,
22 3-egg clutches and 2 single egg clutches).

Forty-two freshly laid eggs and nine one-day-old eggs of
28 first found clutches of 28 females were collected and
stored at �268 C until yolk androstenedione (A4) and
testosterone (T) concentration could be analyzed. Homo-
genized yolks were mixed diluted 1:1 with water and
extracted three times with 2 ml petroleum ether/diethy-
lether (30/70%), followed by precipitation overnight with
70% methanol yielding recoveries of 82.1% or higher.
Steroid concentrations were determined using highly
specific antibodies for T and A4 respectively (cross reactivity
for other hormonesB2%; I125 kits DSL, Webster) with an
assay sensitivity of 0.03 ng/ml and 0.08 ng/ml for A4 and
T, respectively. Intra-assay coefficients of variation were 8%
for A4 and 4% for T. Hormone concentrations were
normalized by log-transformation.

Statistical analyses

We used general linear mixed models (GLMM) in the
program MLN 2.02 (Rasbash et al. 2000), which allows
analyses of variance while taking into account the nested
relationship of eggs within a clutch and clutches within
females. Significance was tested using the change in
deviance (Ddeviance, which follows a x2 distribution)
when a factor was removed from the model (see text for
details).

We used a stepwise backward modelling approach and
ensured that no significantly auto-correlated parameters
were entered into the same model. Parameters included in
the models explaining yolk androgen concentration and egg
mass variation in addition to laying order were egg age,
laying date, female body mass, female tarsus length and
clutch size. We first checked for potentially confounding
effects of egg age and clutch initiation date, while female
identity was included as a random term in the model. Egg
age was included because some eggs were collected the day
after laying: several studies (e.g. Elf and Fivizanni 2002,
Eising et al. 2003b) have shown that yolk hormone
concentrations can decrease substantially over the first
24 h. In addition, clutch initiation dates ranged over
52 d, which could have affected female reproductive
decisions with respect to egg mass or yolk androgens.
However, neither factor was significant in any model (all
P�0.11). We included female body mass and tarsal length
because of the potential for an allometric relationship with
egg mass (e.g. Saether 1987) and because studies of the
relation between female body mass and yolk hormone levels
have produced conflicting results (e.g. Pilz et al. 2003,
Verboven et al. 2003). In this study however, we found no
relation of female body mass with either egg mass or yolk T
or A4 concentration (all P�0.28) although there was an
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effect on total yolk androgen concentration (see below).
Finally, we included clutch size because the effects of
hatching asynchrony were expected to be most pronounced
in large clutches and a thus a more rapid increase in yolk
hormones, egg mass or both could be expected over the
laying sequence. However, no significant two-way interac-
tions between clutch size and laying sequence were found
for T and A4 concentrations or egg mass.

Results

Yolk hormones

Within eggs, Yolk T and A4 concentrations were not
correlated (r�0.02, P�0.87), although T, A4 and total
yolk androgen concentration did vary significantly between
females (x2�25.50, PB0.001, x2�24.50, PB0.001, and
x2�25.50, PB0.001, respectively). Factors of primary
interest-laying order, clutch size and their interaction-were
entered simultaneously into the model with female identity
included as a random term. Models were then trimmed by
sequential elimination of the least significant factor. This
yielded no significant model for either T or A4 (Fig. 1a, b,
all P�0.46). However, total yolk androgen concentration
(T�A4) did increase significantly with increasing female
mass (r�0.27, x2�5.36, P�0.021, n�7).

Egg mass variation

Egg mass did not change significantly over the laying order
(Fig. 1c; x2�0.04, P�0.85, n�106). Likewise, there was
no effect of clutch size (x2�0.32, P�0.60, n�113) and
no interaction effect between these predictors (x2�0.12,
P�0.73, n�89). Only the minimal model was significant
(x2�67.49, PB0.001), containing the significant random
effects of female identity (x2�8.91, P�0.003) and clutch
identity (x2�50.97, PB0.001). Within females, there was
a trend for egg mass to increase with sequential breeding
attempts following clutch losses to predators (x2�3.44,
P�0.06, n�135).

Discussion

Although in lesser double-collared sunbirds the size
hierarchy among chicks just after hatching is pronounced
and still somewhat noticeable at 10 d of age (�5% weight
difference; Schmidt 1964, Eising pers. obs.), this does not
appear to translate into differential chick survival probabil-
ities (see Introduction). This suggests that yolk androgens
or egg mass compensate, at least partially, for these negative
effects of hatching asynchrony. Contrary to these expecta-
tions, there was no increase of either yolk hormone
concentration or egg mass across the laying order. These
findings thus challenge the idea that, at least in this species,
maternal yolk androgens play an important role in
compensating for hatching asynchrony. Our results are
consistent with those of Ellis et al. (2001), who also found:
a) no significant increase in yolk hormone levels in

asynchronously hatching clutches of house wrens, and
b) that reproductive success was unaffected by the degree
of hatching asynchrony.

Predictable or high food availability or quality can
perhaps explain the lack of within-clutch variation in
androgens as found in zebra finches Taeniopygia guttata
(Sandell et al. 2007). Unfortunately, we have no data avai-
lable on food availability. Therefore we cannot refute the
compensation hypothesis as there could be within-clutch
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Figure 1. Yolk testosterone (A) and androstenedione (B) concen-
trations did not vary significantly across laying order in lesser
double-collared sunbirds. Sample sizes for eggs of known laying
order were 20, 18 and 5 for 1st-, 2nd- and 3rd-laid eggs
respectively (n�25 clutches). Egg mass (C) did also not increase
over the laying sequence. Sample sizes for egg mass were 47, 43
and 16 for first-, second- and third-laid eggs respectively (n�50
clutches of 27 females). Lower and upper boundaries of the boxes
indicate the 25th and 75th percentile; error bars indicate the 10th
and 90th percentile while the dots indicate outlying points.
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differences in yolk androgen levels under adverse condi-
tions.

In some asynchronously hatching species, where yolk
hormone concentration does not vary predictably across the
laying order, egg mass does (e.g. pied flycatchers Ficedula
hypoleuca: Hillstrøm 1999, Tobler et al. 2007; collared
flycatchers Ficedula albicollis: Hargitai et al. 2005, Michl
et al. 2005). Because egg mass in general correlates with
chick size, hatching from heavier last eggs (partially)
compensates for the negative effects of HA (Rosivall et al.
2005). However, we found no repeatable pattern in egg
mass variation within clutches at any stage during the
breeding season. Rather, egg mass increased with each
female’s subsequent breeding attempt. This unusual finding
(see Christians 2002) could be an adaptive response to the
high rates of nest predation and the need, early in the
season, to conserve energy for future breeding attempts. It
seems unlikely that the cross-season increase in egg mass is
simply a reflection of an equivalent increase in food
availability as we found no effect of laying date per se or
of temperature or rainfall (as proposed by e.g. Saino
et al. 2004) in the week preceding an egg-laying event (all
P�0.49). Rather, this finding may reflect that late laying
individuals opt for an ‘all or nothing’ strategy because
chances of rearing a brood decrease as the breeding season
progresses (e.g. Burger et al. 1996, Sanz 1998, Rossmanith
et al. 2007).

The significant variation in egg mass between females
could not be explained by either of the female characteristic
measured here as proxies for body size although total yolk
androgen concentration did increase with female body mass
(also see Pilz et al. 2003). Potentially heavy females or their
offspring are better able to withstand the costs that are
associated with exposure to high yolk androgen levels (e.g.
Groothuis et al. 2005b, Gil et al. 2006). Age or experience
could also be important for determining maternal allocation
(Christians 2002, Pilz et al. 2003) but we currently lack
data to test this. Female reproductive investment may also
reflect the quality of their breeding partner (see Groothuis
et al. 2005a). Preliminary data in our study species suggest
T and A4 concentrations may be related to two presumed
male quality indicators - the size of the male’s red breast-
band (B�0.27 and B�0.46, respectively), and the
number of feathers in the male’s blue breast-band (B�
0.03 and B�0.06, respectively) although we could not
formally test this due to the small sample size (n�3). Male
parameters were not related to egg mass variation though.

In summary, differential maternal allocation in lesser
double-collared sunbirds is more pronounced between
females’ clutches than within them. Currently, our data
do not support the widely cited hypothesis that in a species
with HA, differential maternal investment within clutches
(e.g. in androgen levels) is necessary to compensate for
negative effects on late-order hatchlings. We tentatively
conclude that in this species detrimental effects of HA either
do not occur or can be overcome in other ways. In general,
such may depend on a species’ life history or actual food
availability. Further investigation is required to determine
the role of yolk androgen variation, in combination with
other investment strategies, in mitigating negative effects of
hatching asynchrony.
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