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Prolactin plays an important role in mediating parental care in birds, but little is known about changes in
prolactin levels when animals disrupt their reproductive behaviour during emergency life-history stages.
We investigated the variation of prolactin levels with breeding stage, sex, body condition and as a
response to a standardized acute stressor in a small short-lived bird, the Eurasian hoopoe Upupa epops
under natural field conditions. We found higher baseline levels of prolactin in females during the brood-
ing phase than in their mates which feed them and their chicks at this stage. Moreover, this is the first
report of a differential prolactin stress-response between sexes with contrasting parental care within a
breeding phase. Capture, handling and restraint induced a clear decrease of prolactin levels which was
less pronounced in females at the very early stage of brooding compared to females in later stages. In con-
trast, the prolactin stress response in males remained nearly constant over the breeding stages and was
stronger than in females. Baseline levels of prolactin, but not handling-induced levels, were positively
correlated with body condition. We found a weak relationship between the decrease in prolactin due
to acute handling stress and handling-induced levels of corticosterone. Taken together, both baseline
and stress response levels of prolactin were related to the amount of parental care, although we found
no relationship with reproductive success. It appears that the response to an acute stressor in prolactin
levels is finely tuned to parental duties and investment. Hence, prolactin appears to be involved in medi-
ating the trade-off between current reproduction versus self-maintenance and future reproduction.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Prolactin plays a central role in regulating parental care in birds
and mammals [10]. Therefore prolactin is likely to be involved in
mediating the trade-off between current reproduction versus self-
maintenance and future reproduction [1]. From life-history theory,
it follows that individuals should adaptively adjust prolactin levels
according to the prevailing conditions in the course of the breeding
cycle (long-term conditions in the order of days; e.g. [18,25] as well
as during unpredictable events triggering an acute stress response
(short-term conditions in the order of hours [17] in order to max-
imize fitness.

It is well known that avian prolactin levels increase during the
egg laying stage, at the onset of parental activity, to reach a peak
upon hatching [50]. After hatching prolactin levels decrease in
some species (e.g. in precocial species with little parental care after
hatching), while in other taxa (mainly altricial species which feed
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nestlings until fledging) prolactin levels stay elevated into the
feeding period or until fledging [50]. In particular, pelagic seabirds
are thought to maintain high prolactin levels throughout the
nestling phase to maintain nest-bonds during their very long forag-
ing trips (king penguin Aptenodytes patagonicus [24], red-tailed
tropicbird Phaeton rubricauda [32], Emperor penguin Aptenodytes
forsteri [31], while in other altricial species with similar parental
duties (feeding chicks until fledging) prolactin levels decrease dur-
ing the nestling phase (masked booby Sula sula, red-footed booby
Sula dactyla [32], pied flycatcher Ficedula hypoleuca [52], ring dove
Streptopelia risoria [13]. Hence, there seems to be considerable
variation between species in the pattern of prolactin levels during
the nestling phase. Parental duties in altricial species during the
nestling phase comprise brooding (i.e. warming chicks unable to
thermoregulate by themselves) and foraging. We know of no study
investigating prolactin levels with respect to both brooding and
foraging (for nestlings and for self-maintenance). Brooding com-
petes more strongly with foraging for self-maintenance than forag-
ing for nestlings, because brooding birds have to leave the nest,
while parents feeding nestlings can feed for themselves at the
same as they collect food for nestlings [16,36]. The mediation of
this trade-off is particularly crucial for the sex that broods solely.
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Indeed, elevated levels of baseline prolactin have been found to
coincide with a high intensity of parental care, e.g. during incuba-
tion, whereas lower prolactin levels enable individuals to desert
the brood and forage to replenish their body reserves [18,25,5].
Hence, we expect higher prolactin levels in the sex providing more
care, as has been generally found among bird species [50,1].

At the individual level, the intensity of parental care is thought
to be mediated by prolactin levels [1] and is expected to vary with
the condition of the parent. Indeed higher baseline levels of prolac-
tin have been found in parents in good body condition [1] and in
experienced breeders [2,3]. These studies have all been done in
seabirds and geese and await confirmation in small short-lived
species; they describe the adaptation of the prolactin levels to
long-term, predictable variation of prevailing breeding condition.

However, an unexpected stressor may suddenly disturb the
balance in the trade-off between current reproduction and self-
maintenance and may call for a transitional reduction in parental
care in order to facilitate survival of the parent [61,59]. Therefore,
we would expect a decrease in prolactin levels as a response to an
acute stressor. This is the pattern generally observed in birds
[17,1,35,28,45], in contrast to mammal studies and a study in
non-breeding birds which generally described an increase of the
prolactin levels under stressful events [22,45]. Nonetheless, there
are relatively few studies that investigated the response to acute
stress of prolactin levels in birds [1], most on long-lived seabirds,
and it is known that life-history traits may affect the stress re-
sponse [9]. Hence it is timely to investigate stress-related prolactin
levels in shorter lived species. Moreover, it remains to be studied
whether and how the prolactin stress response is modulated
according to differences in parental duties between sexes, the
brood stage and the condition of the parent.

As part of the typical response to an acute stressor, glucocorti-
coid levels, corticosterone in birds, increase [48]. The activation
of the hypothalamo–pituitary–adrenal (HPA) axis plays an essen-
tial role in the response to acute stress (i.e. during emergency
life-history stages, sensu [61], modifying hormone levels and trig-
gering physiological and behavioural changes. Corticosterone
inhibits processes that are not immediately vital such as part of
the immune system or reproductive activities and favours survival
[61,48,40,54]. Hence, corticosterone is involved in the regulation of
the trade-off between current reproduction versus future survival
and reproduction [44,59,30,9]. Both corticosterone and prolactin
seem to act concomitantly in parental birds experiencing chronic
stress (a decrease in prolactin levels paralleled by an increase in
corticosterone levels during acute or prolonged environmental
perturbations and energetic constraints; [20,61,4,25], a pattern
confirmed by experimental studies with corticosterone adminis-
tration [19,5]. Furthermore, baseline corticosterone and prolactin
levels are sometimes negatively correlated in free-living birds
[4,6]. However, the short term secretory pathways of these two
hormones rely on different mechanisms [50,59] and there is no
evidence for a mechanistic link between the prolactin and the
corticosterone response to an acute stressor [1]. Thus, the mecha-
nisms that drive the secretion or clearance of the two hormones
prolactin and corticosterone to act concomitantly during emer-
gency life-history stages in breeding birds remain unknown.

At the ultimate level, life-history theory would predict a higher
reproductive success or at least a higher rearing success in individ-
uals with a higher prolactin level, i.e. in those individuals thought
to invest more into reproduction than others, all other things being
equal. This however may only hold up to a certain level of prolac-
tin, depending on the environmental situation, and hence the pat-
tern of the relationship between prolactin level and reproductive
success may be more complex. Surprisingly, we found only a few
studies in free-living birds investigating this aspect [43,38,3,5,35].
The aim of this correlative study was to investigate the ques-
tions raised above, focussing on the relationship between plasma
prolactin concentration and breeding stage, sex, body condition
and as a response to a standardized acute stressor in a small
short-lived bird under natural field conditions. The Eurasian
hoopoe is particularly well suited because of the strong asymmetry
in parental care [33]. In particular the following five predictions
were examined. (1) If baseline levels of prolactin reflect the
amount of parental care, we expect females, which are brooding
the chicks alone during the first 10 days after hatching, to have
higher prolactin levels than males and to decrease prolactin levels
with increasing age of the nestlings, i.e. with decreasing brooding
activity. (2) We hypothesised that an acute stressor (20–28 min
of handling and restraint) induces a fall of prolactin levels which
should be smaller in birds with high parental care than in birds
with low parental care; more precisely we predict females which
perform most of brooding to down regulate the prolactin response
to acute stress. (3) We predicted that birds in good condition have
higher levels of baseline prolactin and a smaller decrease with han-
dling than leaner birds, because birds in good condition would
have a better capability of enduring parental care. (4) Because
prolactin and corticosterone would concomitantly affect the repro-
ductive physiology and behaviour with antagonistic effects, we
expected a negative correlation between baseline and handling-in-
duced prolactin and corticosterone levels. (5) The reproductive
success is expected to be positively correlated with baseline and
handling-induced prolactin levels.
2. Materials and methods

2.1. Study site and study species

The study was carried out in the upper Rhone valley in the can-
ton Valais, Switzerland, between Sierre and Martigny (46�110N,
7�180E, about 62 km2, 1.9 � 43 km) in 2008. The hoopoe population
of the Valais breeds almost entirely in nest boxes provided during a
conservation project [7].

The Eurasian hoopoe is an altricial bird species with asynchro-
nous hatching [33]. The female incubates alone and broods the
chicks (mean brood size in this study 5.5 ± 1.7 SD; n = 90) during
8–10 days after the first egg hatched, while food for the nestlings
and the female is provided by the male. Thereafter, both male
and female provision the brood, as long as the female is not incu-
bating a new clutch [8]. The chicks fledge at the age of 23–25 days.
Individuals of the study population attempt 1 or 2, exceptionally 3
broods.
2.2. Capture, blood sampling and body condition

From 96 adults attending a brood (mean body mass 70.9 g ± 5.7
SD; n = 120), two blood samples (28–150 ll) were taken by punc-
turing the alar veins with disposable needles. The first blood
sample was taken as soon as possible after capture (mean ± SD:
101 s ± 39; range 39–240 s) to obtain baseline levels of prolactin
and corticosterone [17,46]. Plasma baseline prolactin levels were
independent of handling time within the first 4 min following cap-
ture (linear mixed model with individual identity nested into
brood identity as random intercept; males: handling time 128 s ±
32 SD, F1,44 = 2.56, p = 0.12; females: handling time 83 s ± 33,
F1,71 = 0.67, p = 0.4) and sampling date (linear mixed model with
individual identity nested into brood identity as random intercept;
F1,29 = 1.23, p = 0.28). Because corticosterone levels were signifi-
cantly related to handling time, we used the residuals of a linear
mixed model of log-normal transformed baseline corticosterone
levels (dependent variable) and handling time (explanatory



Fig. 1. Dose response curve of standard chicken prolactin (open circle and dashed
line) and hoopoe plasma dilutions (solid circle and solid line).
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variable) as explanatory variable and individual identity nested
into brood identity as random intercept (effect of handling time:
1.66 ng �ml�1 ± 0.07 SE, F1,29 = 37.60, p < 0.0001).

After weighing and measuring, the bird was kept in a cloth bag
until a second blood sample was taken within 20–28 min (mean ±
SD: 1326 s ± 107) after capture. These samples provided values
induced by the capture, handling and restraint stress (handling-in-
duced samples, [60,57]. Handling-induced plasma prolactin levels
were independent of handling time (linear mixed model with indi-
vidual identity nested into brood identity as random intercept;
effect of handling time on prolactin levels: F1,29 = 3.01, p = 0.09).
Handling-induced plasma corticosterone levels were weakly but
significantly related to handling time (effect of handling time on
log-normal transformed corticosterone levels: 0.0009 ng �ml�1

± 0.0003 SE, F1,29 = 5.70, p = 0.02). Because the effects of handling
time within handling-induced levels of corticosterone were weak,
we used the raw handling-induced corticosterone levels in all fur-
ther tests.

Blood was collected in heparinized microcapillary tubes. Within
about 5 min after the second blood sample, the plasma was sepa-
rated from the blood cells after 5 min of centrifugation and stored
in liquid nitrogen in the field, then conserved at �20 �C until
analysis.

The sex of adults was determined by inspection of the uropygial
gland. The gland of breeding females is filled with a brown and
smelly secretion, whereas the gland of males is small and empty
[34]. Nestling age at capture ranged from 2 to 9 days after hatch-
ing. Almost all females (70 out of 73) were caught by hand in the
nest box while brooding, i.e. within the first 9 days after hatching.
All males were captured at the nest box entrance while provision-
ing their broods.

As an indicator of body size, we measured tarsus length, length
of the 5th primary feather and wing length. Because these
variables were highly correlated, we used only the length of the
5th primary as an indicator of the body size. Body mass was mea-
sured using a 100 g spring balance.

As an indicator of body condition we used the residuals of a lin-
ear mixed model with body mass as the dependent variable and
sex with body size, defined as the 5th primary length, as indepen-
dent variables, and individual identity as random factor (effect size
of primary length 0.38 g ± 0.15 SE, p = 0.02, effect size of sex
4.04 g ± 1.45 SE, p = 0.006). The sexes differed in body size (primary
length of males 119.3 ± 0.5 SEM, n = 47, females 112.8 mm ± 0.5,
n = 73). Body condition decreased significantly with advancing
nestling age in females (linear mixed model with body condition
as the dependent, nestling age as the independent and individual
identity as random variable: F1,14 = 15.97, p = 0.001, effect size
�2.05 ± 0.51 SE) but not in males (F1,8 = 1.47, p = 0.2, effect size
�0.35 ± 0.29 SE).

2.3. Hormone assay

Plasma prolactin concentration was determined by a heterolo-
gous competitive radio-immuno assay (RIA) at the Centre d’Etude
Biologique de Chizé-CNRS in France following the method
described by Cherel et al. [18]. All reactants were diluted with
0.025 M barbital–bovine serum albumin (BSA) buffer. 25 ll stan-
dard prolactin (ranging from 250 to 16,000 pg/25 ll) or 15 ll
hoopoe plasma was incubated with 250 ll antibody solution and
250 ll labelled chicken prolactin (AFP 4444B; Dr. Parlow, NHPP
Harbor-UCLA Medical Center, Torrance, CA, USA) for 2 days at
4 �C. An anti-antibody solution was incubated for an additional
day and then the free fraction was discarded. The radioactivity of
the precipitate was measured directly with an automatic gamma
counter (Cobra autogamma, Packard�). Inter-assay variation was
5.91% and intra-assay variation did not exceeded 10%. Hoopoe
plasma cross reacted in the Parlow chicken prolactin assay and di-
luted out parallel to the standard curve (Fig. 1).

Plasma corticosterone concentration was determined by an
enzyme immuno assay at the Swiss Ornithological Institute in
Sempach as described in Müller et al. [37]. Briefly, 5–10 ll of
plasma was extracted and analysed in triplicates. The inter-assay
variation ranged from 14.4% to 16.8% and the intra-assay variation
ranged from 9.6% to 18.4%.
2.4. Data analyses

All statistical analyses were performed using the program R [21]
(version 2.10.1). The effect of several factors on plasma levels of
prolactin (dependent variable) was evaluated with a linear mixed
model as implemented in the package nlme [42]. This procedure
is appropriate for the analysis of repeated measures in an unbal-
anced design. Estimates of fixed effects were computed with
maximum likelihood estimation. Individual identity nested into
the brood identity were introduced as random intercept using
restricted maximum likelihood estimation and likelihood-ratio
for significance testing [62], thus accounting for the fact that
37.5% of the individuals (33 of 88 individuals) were investigated
at two breeding attempts and that we often captured both adults
of a brood (64% of the broods; 47 broods with both adults captured,
26 broods with only one adult captured). We tested the depen-
dence of the prolactin levels on disturbing variables (handling
time, date) and in a second step for dependence on variables
known to influence levels of circulating prolactin (sex, nestling
age, body condition with all two-ways interactions). The signifi-
cance of the fixed effects was tested sequentially in the order spec-
ified in the model (hierarchical calculation of p-values) with
conditional F-tests [41]. The predicted values presented in the
graphs were computed from the reduced model containing only
significant terms with p < 0.05.

To assess whether handling-induced levels of prolactin differed
between the two subsequent blood samples and between the
sexes, we conducted a linear mixed model with prolactin levels
as the dependent variable, and blood sample (baseline versus stress



Table 1
Effect of baseline prolactin level, sex, nestling age, body condition and their two-way interaction terms on handling-induced plasma levels of prolactin. The significant terms (in
bold) remained significant (p < 0.05) when eliminating backwards the non-significant variables from the models.

Variables df Effects ± SE F-value p-value

Intercept 1,94 54.01 ± 34.37 800.10 <.0001
Baseline prolactin 1,11 �0.21 ± 0.32 171.41 <.0001
Sex 1,94 �69.16 ± 44.32 5.55 0.02
Nestling age 1,11 �8.04 ± 5.22 7.27 0.02
Body condition 1,11 �1.31 ± 4.47 1.54 0.24
Baseline prolactin � sex 1,11 0.99 ± 0.37 3.45 0.09
Baseline prolactin � nestling age 1,11 0.08 ± 0.05 4.63 0.06
Baseline prolactin � body condition 1,11 0.01 ± 0.04 1.16 0.30
Sex � nestling age 1,11 14.08 ± 8.32 6.52 0.03
Sex � body condition 1,11 6.92 ± 3.98 1.01 0.34
Nestling age � body condition 1,11 �0.31 ± 0.66 0.87 0.37
Baseline prolactin � sex � nestling age 1,11 �0.19 ± 0.07 6.71 0.03
Baseline prolactin � sex � body condition 1,11 �0.04 ± 0.03 3.22 0.10
Baseline prolactin � nestling age � body condition 1,11 0.01 ± 0.01 0.58 0.46
Sex � nestling age � body condition 1,11 �0.43 ± �0.51 0.72 0.41

Fig. 2. Baseline and handling-induced levels of prolactin for foraging males (point-
up triangles, n = 47) and brooding females (point-down triangles, n = 73). The stress
response was induced by 20–28 min of handling and restraint. The means of the
raw data are represented with 0.95 confidence intervals.
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induced), sex and their interaction as fixed factors and individual
identity nested into the brood identity as random intercept.

Handling-induced levels of prolactin were dependent on base-
line levels (linear mixed model: F1,23 = 136.5, p < 0.0001). We
therefore included baseline levels as a covariable in the linear
mixed models with handling-induced prolactin levels as the
dependent variable (Table 1).

The influence of prolactin level on rearing success and on fledg-
ling success was tested separately with generalized linear models
using a quasibinomial or poisson distribution, respectively. Rearing
success was calculated as the proportion of fledglings on the total
number of eggs laid in a brood. The independent variables were
hatching date to take account of seasonal variation and prolactin
levels of both sexes including their two-way interaction term.
We used the residuals of the prolactin levels computed with the
linear mixed model containing all significant terms for baseline
and handling-induced levels, respectively. Chi-square was used
for significance tests of the single terms and terms with p > 0.05
were eliminated from the model.

Because prolactin and corticosterone act concomitantly [1], we
compared the baseline levels of the two hormones and the han-
dling-induced levels of the two hormones, respectively. Addition-
ally, we tested for a correlation between baseline levels of
prolactin and handling-induced levels of corticosterone, since high
baseline levels of prolactin and a dampened corticosterone stress
response are associated with parental care. In turn, we tested the
influence of corticosterone on the decrease of prolactin levels
[ln(baseline levels) – ln(handling-induced levels), the transforma-
tion is necessary in order to respect the normal distribution of
the residuals], since the secretion of corticosterone may influence
prolactin levels. We tested for the correlation between prolactin
and corticosterone levels with linear mixed models.
3. Results

3.1. Baseline prolactin levels

Plasma baseline prolactin concentration ranged between
21.0 ng ml�1 and 276.2 ng ml�1. Baseline prolactin levels were sig-
nificantly related to sex, nestling age and body condition, while all
interaction terms were not significant (Intercept: 147.5 ng ml�1

± 15.5 SE, F1,89 = 971.7, p < 0.0001; sex (female effect): 36.3 ng ml�1

± 8.8, F1,27 = 34.8, p < 0.0001; nestling age: �9.1 ng ml�1 ± 2.6,
F1,27 = 21.0, p = 0.0001; body condition: 2.4 ng ml�1 ± 0.8, F1,27 =
9.7, p = 0.004; interaction terms: p > 0.3; random effects were not
significant, p > 0.7). Females had higher baseline prolactin levels
than males (Fig. 2). Baseline levels of prolactin dropped to 50%
within 7 days after hatching (model predicted estimate from day
2 to day 9 after hatching) without a difference between the sexes
(interaction term sex � nestling age not significant). At a given
nestling age, baseline levels of prolactin were higher for birds in
good body condition than for lean birds (predicted prolactin levels
in females at nestling age 2: 182.5 ng ml�1 at the 3rd quantile and
158.2 ng ml�1 at the 1st quantile of the body condition frequency
distribution).

For individuals captured at two subsequent breeding attempts,
we observed no significant difference of the prolactin levels be-
tween the two captures (F1,18 = 0.24, p = 0.63). We did not observe
any correlation in baseline prolactin levels between the mates of a
brood. Baseline prolactin levels (corrected for nestling age) were
not correlated between the parents of a brood (one-sided correla-
tion test with Pearson estimates: t = 0.59, df = 28, p = 0.56,
R2 = 0.11). Rearing success and fledgling success were independent
of baseline levels of females, males or their interaction (pChi > 0.1).

Baseline levels of prolactin were independent of baseline levels
of corticosterone for both sexes combined (F1,23 = 0.43, p = 0.52)



Fig. 3. Dependence of handling-induced plasma prolactin levels on nestling age for males (A) and females (B), as predicted by the model presented in Table 1 with 0.95
confidence intervals. For each sex, two relationships are given, one for individuals with low baseline prolactin levels (88.6 ng ml�1 which is the 1st quantile of the frequency
distribution, filled triangles and solid lines) and one for individuals with high baseline prolactin levels (158.5 ng ml�1 which is the 3rd quantile of the frequency distribution,
open triangles and dashed lines).
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and for each sex separately (males: F1,8 = 1.73, p = 0.22; females:
F1,14 = 0.04, p = 0.89). Baseline levels of prolactin did not correlate
with handling-induced levels of corticosterone (for both sexes
combined F1,23 = 0.43, p = 0.52; males: F1,8 = 1.73, p = 0.22;
females: F1,14 = 0.04, p = 0.89).

3.2. Handling-induced prolactin levels

Plasma prolactin concentration of samples taken 20–28 min
(mean 1326 s ± 107 SD) after capture (handling-induced prolactin)
ranged between 6.9 ng ml�1 and 182.6 ng ml�1. The decrease of pro-
lactin levels between the first (baseline) and the second (handling
induced) blood sample was highly significant and greater in females
than in males (linear mixed model with individual identity as
random intercept: intercept: 97.94 ng ml�1 ± 6.00 SE; difference
between baseline and handling-induced samples: �67.98 ng ml�1

± 6.91, F1,142 = 351.94, p < 0.001; difference between sexes:
49.68 ng ml�1 ± 7.70, F1,94 = 38.07, p < 0.001; interaction term:
�21.67 ng ml�1 ± 8.86, F1,142 = 5.98, p = 0.016; the random effect
individual identity was significant: LR = 16.33, p < 0.001; Fig. 2).

Handling-induced levels of prolactin were dependent on base-
line levels of prolactin, sex, nestling age and the interaction of
baseline levels with sex and nestling age, while body condition
had no significant influence (Table 1, Fig. 3). Females with the
highest baseline levels of prolactin had the strongest decrease of
handling-induced prolactin with progressing nestling age (Fig. 3).
When the nestlings became thermo-independent (at around
8 days), all females showed similar handling-induced levels of
prolactin, independently of their baseline level. In contrast, males
with high baseline prolactin levels showed an increase of han-
dling-induced prolactin levels with progressing nestling age, while
males with low baseline prolactin levels did not (Fig. 3).

Males decreased prolactin as a response to handling by about
70% throughout the first 9 days after hatching (at 1st quantile of
nestling age distribution [2–3d]: baseline levels 118 ng ml�1 ± 23
SDM, handling induced levels 33 ng ml�1 ± 8 SDM; at 3rd quantile
of nestling age distribution [6–9 days]: baseline levels
84 ng ml�1 ± 34 SDM, handling-induced levels 24 ng ml�1 ± 11
SDM). In contrast, in females the proportional decrease of prolactin
levels with handling progressed from 55% just after hatching to
77% at day 9 after hatching (at 1st quantile of nestling age distribu-
tion [2–3 days]: baseline levels 170 ng ml�1 ± 54 SDM, handling
induced levels 77 ng ml�1 ± 35 SDM; at 3rd quantile of nestling
age distribution [6–9 days]: baseline levels 98 ng ml�1 ± 35 SDM,
handling-induced levels 23 ng ml�1 ± 5 SDM). Therefore, even
though prolactin baseline levels were lower at a later stage of
the brood, the handling-induced response in females was propor-
tionally stronger when nestlings reached thermo-independence
than close to hatching date (see the significant three-way interac-
tion baseline prolactin � sex � nestling age in Table 1).

Handling-induced levels of prolactin (corrected for baseline
levels, sex and nestling age) were not correlated between the par-
ents of the same brood (one-sided correlation test with Pearson
estimates: t = 0.18, df = 28, p = 0.86, R2 = 0.03). Rearing success
and fledgling success were not correlated with handling-induced
prolactin levels (pChi > 0.2).

Handling-induced levels of prolactin were weakly correlated
with the handling-induced levels of corticosterone (Intercept:
54.42 ng ml�1 ± 6.44 SE, F1,95 = 301.5, p < 0.0001; handling-induced
corticosterone effect: �0.38 ng ml�1 ± 0.21, F1,23 = 3.41, p = 0.08).
In turn, the difference between baseline levels and handling-in-
duced levels of prolactin was weakly but significantly correlated
with handling-induced levels of corticosterone (log-normal trans-
formed prolactin levels: Intercept: �0.910 ng ml�1 ± 0.079 SE,
F1,95 = 132.2, p < 0.0001; handling-induced corticosterone effects:
�0.007 ng ml�1 ± 0.003, F1,23 = 7.0, p = 0.015; random effects:
p > 0.2; Fig. 4).

4. Discussion

We found higher baseline levels of prolactin in females during
the brooding phase than in males. Capture, handling and restraint
induced a clear decrease of prolactin levels which was less
pronounced in females at the very early stage of brooding com-
pared to females in later stages and to males. Baseline levels of
prolactin, but not handling-induced levels, were positively corre-
lated with body condition. Although we hypothesised a negative
correlation between prolactin and corticosterone levels, we found
only a weak relationship between the decrease in prolactin levels
due to handling and the handling-induced levels of corticosterone.
Finally, we found no relationship between prolactin levels and
reproductive success. In the following we discuss these findings
with respect to the five predictions presented in the introduction.

4.1. Variation of baseline prolactin with sex and brooding behaviour

As predicted, baseline levels of prolactin were positively corre-
lated with the type and amount of parental care. Only females
brood the chicks with decreasing intensity during the first 10 days
after hatching. Brooding females had higher baseline prolactin



Fig. 4. Dependence of the decrease of prolactin due to handling [ln(baseline levels)
– ln(handling-induced levels)] on handling-induced levels of corticosterone. Raw
data are represented with the predicted mean (solid line) and 0.95 confidence
intervals (dashed lines) of the model presented in the text.
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levels than males which provision both females and chicks (Fig. 2).
These results agree with most, if not all, studies comparing prolac-
tin levels among mates with asymmetric parental care [29,39].

One may argue that provisioning activity represents as much
effort as brooding and therefore both sexes would provide a similar
amount of parental care [8]. However, during brooding, the female
has little opportunity to forage, while the male can feed himself
while provisioning his family, hence the bond to the nest is stron-
ger in females than males. At the mechanistic level, the higher
baseline levels of prolactin in females compared to males may re-
sult from the positive feedback on prolactin secretion of the per-
manent contact with the newly hatched nestling’s during
brooding, similar to the tactile stimulation provided by eggs during
incubation (e.g. [11,26]. The decline of baseline levels of prolactin
with advancing nestling age corresponds with the time course of
change in prolactin secretion found in altricial species (pied
flycatcher F. hypoleuca [52], ring dove S. risoria [13] and three alba-
tross species [27] in which the peak of prolactin secretion generally
occurs at hatching and in the presence of newly hatched chicks.
Concentrations of prolactin, thereafter, decrease with the progres-
sive decrease of the contact with the chicks until parental care is
completed [50]. Experimentally repeated exposure to newly
hatched chicks delayed the decrease of baseline prolactin levels
in pied flycatchers [52] and suggests that the presence of newly
hatched chicks is involved in the regulation of the baseline levels
of prolactin. Hence, in the female hoopoe, the baseline level of
prolactin decreases with the decrease of brooding intensity and
contact frequency with the offspring. The decrease in brooding
intensity is coupled with an increase in foraging for self-mainte-
nance and for the offspring. The concomitant decrease in prolactin
levels does not support the idea that high prolactin promotes for-
aging and food intake, as found in non-breeding ring doves [12,14].
Furthermore, the decrease of baseline prolactin in females may
have a preparatory effect to quickly breed anew, since elevated
prolactin levels may inhibit the hypothalamo–pituitary–gonadal
axis and thus may hinder the start of a new breeding cycle
[15,47,53,49]. However, comparative studies give little support to
that hypothesis, e.g. [51,24] but see [58,56,27].
4.2. Prolactin stress response

This study is the first reporting handling-induced prolactin
changes in a non-sea bird species. As predicted, 20–28 min of
handling and restraint induced a decrease of prolactin levels
(Fig. 2). This agrees with growing evidences that prolactin levels
decrease in response to acute stress in breeding birds
[17,1,45,28]. Moreover, a stress-induced decrease of prolactin is
generally observed in life-history stages characterized by elevated
baseline levels [23]. Nonetheless, the decrease by 50–80% within
20–28 min of handling is the largest so far reported.

The magnitude of the prolactin stress response was negatively
correlated with the amount of parental care. Females at an early
stage of the brood (when the asynchronously hatching nestlings
have not yet all hatched) showed the smallest stress-induced de-
crease of prolactin (Fig. 3). In contrast, females brooding older off-
spring (partly thermo-independent) showed the largest stress-
induced decrease in prolactin levels. Furthermore, females in late
brooding stage (nestlings are 7–9 days old) reached similar han-
dling-induced prolactin levels independently of their baseline lev-
els. Finally, males had generally an intermediate decrease of
prolactin level throughout the first 9 days after hatching (Fig. 3).
Occasionally, the female starts a subsequent brood before the off-
spring of the current brood fledge, sometimes even immediately
after brooding is completed, while only the male provisions the
nestlings until fledging. Hence, the prolactin stress response was
lowest when the female’s presence at the nest was imperative
(i.e. brooding), but highest when her presence was facultative.
Nonetheless, additional studies are needed to elucidate whether
individual variation of prolactin levels drive the decision of females
to desert the current brood to start a new subsequent brood. In
turn, probably because males provide parental care throughout
the nestling phase, they showed a constant prolactin stress re-
sponse over the first 10 days of the nestling period. However,
males with a higher prolactin baseline level decreased prolactin
less as a response to handling and restraint (Fig. 3). Hence, the han-
dling-induced decrease of prolactin level may depend on the
investment in parental-care, since males with high baseline prolac-
tin levels potentially invest more in parental care [35].

These results agree with previous studies that interpreted the
handling-induced decrease of prolactin level as part of the global
response to an acute stressor, mediating life-history trade-offs be-
tween current reproduction and future survival [17,3,6,55].

4.3. Body condition and baseline and handling-induced levels of
prolactin

Independently of the decrease of prolactin with nestling age,
baseline levels were higher in birds in better body condition. High
prolactin levels are supposed to strongly bind the parent to its
brood. Therefore, when the energy stores of the parent becomes
depleted, lowering the baseline level of prolactin permits the
parent to change the balance between parental care and self-main-
tenance and redirect more energy from offspring to self-mainte-
nance [18]. As in previous studies, we found no correlation
between the prolactin stress response and body condition, e.g.
[17,18].

4.4. Correlations between prolactin and corticosterone

We observed only a weak but significant correlation between
the decrease of prolactin levels with handling (difference between
baseline and handling-induced levels) and handling-induced levels
of corticosterone (Fig. 4). This confirms the conclusion of an earlier
study in which no evidence was found that the response to an
acute stressor is under the direct influence of the HPA-axis [6].
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However, both hormones were negatively correlated in some stud-
ies, but not in all, because of the concomitant effects in response to
environmental and energetic perturbations [1,28]. We propose
that uncoupled mechanisms dedicated to the regulation of the
prolactin and corticosterone stress response enable a differential
processing of the influencing factors. Uncoupled physiological
mechanisms can provide a greater flexibility of the regulation of
parental behaviour. Nonetheless, to interpret the variation in pro-
lactin levels and its effects on parental decisions, there is a need to
elucidate which physiological processes modulate the prolactin
stress response and whether they interact with the HPA-axis and
corticosterone secretion.

4.5. Prolactin levels and reproductive success

Reproductive success was predicted to be positively correlated
with prolactin levels because prolactin levels are positively corre-
lated with parental care. However, we observed no significant rela-
tionships between rearing or fledging success and either baseline
or handling-induced prolactin levels. To our knowledge, very few
studies examined the relationship between natural prolactin level
and reproductive success of the current brood [43,38,4]. Only
Angelier et al. [4] found that the magnitude of the prolactin stress
response predicted incubation success in snow petrels Pagadroma
nivea. In the same species, exogenous corticosterone decreased
the prolactin level and chick survival [5]. Further, when the brood
was lost, i.e. when parental care was no longer required, baseline
and handling-induced prolactin levels changed in the black-legged
kittiwake Rissa tridactyla [17].

In this present study, we blood sampled the individuals only
once per breeding attempt and used this value as an indicator of
parental care in the correlation with rearing or fledging success.
However, little is known about within-individual variation of pro-
lactin levels. Hence, the study of the effects of prolactin levels on
parental care and subsequent breeding success would need further
data from blood samples taken repeatedly at several standardised
nestling ages. In addition, a relationship between prolactin and
breeding success may be apparent only under more severe envi-
ronmental conditions.
5. Conclusion

This study confirmed the relationship between baseline prolac-
tin levels and parental care (dependent on body condition) in a
species with strongly asymmetric parental duties. Moreover, this
study is the first reporting a differential prolactin stress-response
between sexes with contrasting parental care within a breeding
phase. It appears that the response to acute stress in prolactin
levels is finely tuned to the prevailing parental duties (which
depend on the sex and the age of the nestlings) and to the individ-
ual parental investment (expressed as baseline prolactin level).
Similarly as the well-studied stress-response of corticosterone,
the stress-response of prolactin appears to be involved in mediat-
ing the trade-off between current reproduction versus self-mainte-
nance and future reproduction [30,9].

Futures studies are needed to investigate interactions between
the corticosterone and the prolactin stress-response which appear
to be uncoupled in terms of mechanisms. It seems that the two
hormones have differential effects on reproduction which are only
beginning to be elucidated [26].
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