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A B S T R A C T
Parental care is a widespread phenomenon observed in many diverse taxa. Neuroendocrine systems have long
been thought to play an important role in stimulating the onset of parental behavior. In most birds with altricial
young, circulating prolactin (PRL) levels are low during non-breeding times and signiﬁcantly increase during
late incubation and early post-hatch chick care. Because of this pattern, PRL has been suggested to be involved in
the initiation of parental care in birds, but rarely has this hypothesis been causally tested. To begin testing the
hypothesis, we inhibited the release of endogenous PRL with bromocriptine (BR) on the 3 days prior to hatching
in incubating parents and the ﬁrst 2 days of post-hatch care, when PRL was found to be highest in zebra ﬁnches.
Nest temperatures were recorded during all 5 days and parental behavior was recorded on days 1–2 post-hatch.
In addition to hormonal systems, reproductive experience may also inﬂuence parental care; therefore, we tested
age-matched inexperienced and experienced pairs in each group. BR either eliminated or drastically reduced
chick brooding and feeding behavior, resulting in decreased nest temperatures on days 1 and 2 post-hatch.
Experienced control birds fed chicks more than inexperienced birds and control females fed more than males.
Chick feeding behavior was positively correlated in control male-female pairs, but not in BR pairs. This is one of
the few causal studies to demonstrate that PRL is necessary for post-hatch care in a biparental songbird, and is
the ﬁrst to show this eﬀect in zebra ﬁnches.

1. Introduction
Parental care is undoubtedly important for oﬀspring survival, oﬀspring quality, and future oﬀspring reproductive success (Klug and
Bonsall, 2014), and hence, is an important component of ﬁtness for
parents. Birds are the largest parental vertebrate clade, and 98% of
avian species provide some variation of parental care, with over 80%
providing biparental care (Cockburn, 2006). Despite this, we still know
surprisingly little about the endocrine regulation of avian parental care.
Endocrine systems have long been thought to play an important role in
the onset of parental care as they are known to regulate various aspects
of both physiology and behavior. In particular, the hormone prolactin
(PRL) has an important association with parental care in many vertebrate species, including birds. PRL is generally low during non-breeding
times, but signiﬁcantly increases during late incubation and early posthatch care in birds that hatch altricial young (Angelier et al., 2016;
Smiley and Adkins-Regan, 2016a). High PRL concentrations in breeding
birds have been positively correlated with increased parental care behaviors (Chastel et al., 2005; Khan et al., 2001; Miller et al., 2009;
Schoech et al., 1996; Smiley and Adkins-Regan, 2016b; Vleck et al.,
⁎

1991) and increased reproductive success (Ouyang et al., 2011, 2013;
Riechert et al., 2014; Smiley and Adkins-Regan, 2016b), while low PRL
concentrations have been related to poor body condition, nest abandonment, low rates of parental care, and oﬀspring mortality (Angelier
et al., 2016; Angelier and Chastel, 2009; Smiley and Adkins-Regan,
2016b). Because of these relationships, there has been a growing interest in PRL's role in regulating life history stages and trade-oﬀs, environmental change produced stress during breeding, and control of
breeding decisions (Angelier et al., 2016; Angelier and Chastel, 2009).
However, most studies on PRL in birds to date have been primarily
correlational, describing patterns of PRL secretion during the breeding
cycle and its relationship with parental behavior. There remains a
striking lack of causal experiments that demonstrate PRL's role in regulating various aspects of avian post-hatch parental care.
Moreover, the causal studies that have manipulated PRL during
post-hatch parental care have produced mixed results. The most prominent work on the role of PRL during post-hatch care has been conducted in ring doves (Streptopelia risoria), in which PRL has been shown
to be causally related to squab feeding and brooding (Buntin et al.,
1991; Wang and Buntin, 1999). However, both male and female ring
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bromocriptine, a proven PRL inhibitor in a variety of birds [e.g., emperor penguins (Aptenodytes forsteri; Angelier et al., 2006); house ﬁnches (Badyaev and Duckworth, 2005); Adélie penguins (Cottin et al.,
2014; Thierry et al., 2013); domestic chicken hens (Gallus gallus domesticus; Reddy et al., 2007)]. We measured chick brooding and chick
feeding behavior in male-female pairs that either received bromocriptine (BR) or vehicle control treatments. Age-matched inexperienced
and experienced birds were tested in each treatment group. We predicted that BR treatment would reduce parental care and that these
deﬁcits would be greater in inexperienced pairs, relative to experienced
pairs, as experienced birds likely have increased sensitivity to PRL and
may rely on learning and memory from their previous reproductive
bout. In the control condition, we predicted that experienced pairs
would show more behavior than inexperienced pairs. To verify there
were no unintended side-eﬀects of the treatment, we also measured
eating and drinking behavior, and took body mass measurements before
and after the experiment.

doves feed squabs crop milk which is produced by the epithelial mucosal cells along the wall of the crop sac in response to PRL, an evolved
trait unique to pigeons and doves (Buntin, 1996; Patel, 1936), making
these ﬁndings diﬃcult to generalize to other kinds of birds. Few studies
have manipulated PRL during parental care in avian species that do not
produce crop milk. One study in house ﬁnches (Carpodacus mexicanus)
showed that pharmacologically increasing or decreasing PRL respectively increased and decreased nestling feeding rates (Badyaev and
Duckworth, 2005). Additionally, reducing PRL in black-legged kittiwakes (Rissa tridactyla) caring for young reduced nest attendance and
motivation to return to the nest following a disturbance (Angelier et al.,
2009). On the other hand, while reducing PRL in male Adélie penguins
(Pygoscelis adeliae) during the chick-rearing period reduced their diving
eﬃciency, it did not aﬀect chick growth or survival or food foraging
durations (Cottin et al., 2014), suggesting that parental behavior, particularly feeding, was not disrupted by inhibiting PRL. Therefore, although PRL is clearly related to parental care, it is currently unclear
whether it has a direct role in parental care behavior or, alternatively, is
involved in some other physiological process that coincides with the
time of parental care and breeding. Testing this hypothesis in a wider
range of birds would help generalize the role of PRL and would help
clarify the PRL-parental care relationship.
In addition, birds with diﬀerent levels of reproductive experience
may have diﬀerent sensitivities to PRL. Circulating PRL is greater in
experienced breeding birds, compared to inexperienced breeding birds,
in zebra ﬁnches (Smiley and Adkins-Regan, 2016a), pigeons (Columba
livia; (Dong et al., 2013), wandering albatrosses (Diomedea exulans;
Angelier et al., 2006), common terns (Sterna hirundo; (Riechert et al.,
2012), black-browed albatrosses (Thallasarche melanophris; Angelier
et al., 2007a, 2007b) and dark-eyed juncos (Junco hyemalis; (Deviche
et al., 2000), suggesting experienced birds may have a higher sensitivity
to PRL, relative to inexperienced birds. Notably, treating reproductively
experienced ring doves with PRL resulted in a greater frequency of
regurgitation feedings, greater squab weight gain, and more time spent
sitting in the nest than treating inexperienced ring doves with PRL
(Wang and Buntin, 1999), suggesting ring doves have an increased
sensitivity to PRL as a result of reproductive experience. Aside from ring
doves, however, it is currently unknown whether the increase in PRL or
PRL sensitivity that comes with experience also regulates any behavior
changes that accompany reproductive experience, such as increased
chick feeding. For that reason, there are two diﬀerent predictions one
could make in respect to the interaction between PRL and experience.
(1) If experienced birds require greater levels of hormones (e.g., PRL) to
achieve the same level of behavior as inexperienced breeders, then the
behavioral deﬁcits will be greater in experienced birds if PRL is inhibited. (2) Alternatively, if experienced birds are more sensitive to
PRL, then they may still be able to perform that same amount of parental behavior with lower amounts of hormone, and therefore, would
not be as greatly aﬀected by a hormonal manipulation as an inexperienced bird would be. In addition, experience may act as a buﬀer
against hormonal perturbations by way of learning and memory which
could allow them to compensate for behavior in the absence of hormones. In rats, experience with pups immediately post-partum forms a
‘maternal memory’ which can later be activated in the presence of pups
and in the absence of the hormonal milieu that accompanies birth
(Cohen and Bridges, 1981; Scanlan et al., 2006). Therefore, PRL may
not be as important for experienced birds, if they can rely on learning
and memory from previous reproductive cycles, and their behavior may
be less hormonally dependent.
To begin testing the hypothesis that PRL is causally related to parental care behavior, in interaction with reproductive experience, we
inhibited the release of endogenous PRL on the 3 days prior to hatching
in incubating parents and the ﬁrst 2 days of post-hatch care, when PRL
was found to be highest in zebra ﬁnches (Smiley and Adkins-Regan,
2016a). Zebra ﬁnches are socially monogamous and biparental, which
allows both males and females to be tested. PRL was lowered by using

2. Methods
2.1. Subjects
This study used a total of 100 age-matched zebra ﬁnches (n = 50
males, n = 50 females) raised in the lab. The exact hatch date was
unknown for most subjects, but all subjects came from the same cohort
of birds that were hatched during February 2015–August 2015 and
would have been approximately 1 ± 0.25 years old at the time of the
experiment. All subjects had been housed in same-sex aviaries since
they were removed from the natal cage at independence (~ day 40 posthatch) until they were needed for this study (see next paragraph).
Roughly half of the subjects (n = 24 males, n = 24 females) were inexperienced (INEX) breeders, which had no pairing or mating experience with the opposite sex since prior to this study. The other half
(n = 26 males, n = 26 females) were reproductively experienced
(EXP), deﬁned as having raised at least one chick to ﬂedging prior to
the experiment. Before and during the experiment, all birds had access
to food (commercial seed mix; Kaytee Fortiﬁnch Diet), water, and grit
ad libitum. Birds were supplemented with hardboiled egg once per
week. All rooms were kept in temperature (22.2 °C) and humidity
(range 30–70%) controlled rooms on 14:10 light:dark cycles. All
methods and procedures were approved by the Cornell University
IACUC.
All
subjects
were
housed
in
sex-speciﬁc
aviaries
(0.94 m × 0.76 m × 0.94 m) which held up to 20 birds prior to the
beginning of the experiment. Subjects were randomly assigned to remain inexperienced or to become an experienced breeder before the
experiment. Inexperienced birds were given the opportunity to pair
with a partner by moving them into a social aviary containing four
males and four unrelated, unfamiliar females. Aviaries were observed
for 20 min a day for ﬁve days to determine pairs. Males and females
who exclusively clumped, allopreened, and shared a nest box were
considered paired (Smiley et al., 2012). (Note that while we had nest
boxes in the INEX cages during pair observations, this was not enough
time to begin breeding. However, it is possible that subjects may have
gained sexual experience in the pairing cage prior to the experiment,
but no parenting experience). Experienced birds were paired in the
same way but were allowed to complete one breeding cycle after
pairing. Experienced birds remained with their breeding partner for the
experiment.
2.2. Study design
Prior to the start of the experiment, subject pairs were randomly
assigned to receive either a bromocriptine (BR) or vehicle-control
(CON) treatment and were also randomly assigned to be tested in one of
six cohorts, each balanced for reproductive experience and treatment
104
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experience conditions coded each behavior for males and females separately. Total durations for all behaviors were summed for males and
females separately, for each video.
A total of 50 videos were taken for each behavior (i.e., one per nest);
however, some videos had to be excluded from the behavioral coding
because the video quality was either too poor to accurately code the
behavior or there was a technical failure of the camera/computer
equipment to record or save the video to the computer. The total
number of videos used to code each behavior were as follows: brooding
n = 45; chick feeding n = 40; eating n = 38; drinking n = 39.

manipulation. For each cohort, four diﬀerent testing rooms, each
housing four to six cages, were used. Each room was balanced for
treatment and experience conditions. All subjects were weighed to the
nearest 0.1 g the day before they were put into the experiment.
For each cohort, male-female pairs were housed together in smaller
testing cages (0.6 m × 0.4 m × 0.35 m) that contained an empty nest
box and nesting material (coconut ﬁbers) available ad libitum. Daily
nest checks were performed to monitor each pair's breeding status. The
ﬁrst day an egg was observed in a nest was counted as “day 1” of incubation. The median incubation cycle for zebra ﬁnches is 14 days
(Zann, 1996). Eggs were candled on day 6 or 7 of incubation to check
for fertility. We only used pairs that had at least one fertile egg in their
clutch. The average clutch size was 4.3 ± 0.9 (standard deviation; sd).
Pairs that did not lay eggs or produced only infertile eggs were not
tested. If pairs did not lay fertile eggs, they were randomly reassigned to
a new cohort to attempt breeding again. The ﬁnal sample sizes were as
follows: BR-EXP n = 28 (n = 14 male-female pairs); BR-INEX n = 28
(n = 14 male-female pairs); CON-EXP n = 24 (n = 12 male-female
pairs); CON-INEX n = 20 (n = 10 male-female pairs).
Circulating PRL concentrations peak during the end of incubation
and beginning of post-hatch care in zebra ﬁnches (Smiley and AdkinsRegan, 2016a) and our goal was to block this peak and test the eﬀects
on post-hatch parental care. Therefore, subjects received their assigned
BR or CON treatment (see Section 2.3. for drug details) at the same time
each morning on days 12, 13, and 14 of incubation and days 1 and 2
post-hatch. All treatments were administered between 0900 and 1100.
Video cameras were attached to each study pairs' nest box and cage on
day 11 incubation so that subjects could habituate to their presence.
Camera equipment and recording procedures are described in Smiley
and Adkins-Regan (2016b). In addition, temperature data loggers
(Thermochron ibuttons, model DS1921G-F5#, Maxim Integrated, San
Jose, CA) were placed just under the nest material where the eggs sat on
day 11 incubation to record the nest temperature throughout the ﬁveday experimental period. Temperatures were taken every 10 min and
were used as a proxy to monitor nest attendance during incubation to
verify that birds did not abandon the nest before hatching. Nest temperatures can reliability indicate whether birds are incubating without
the need to disturb the nest (Moreau et al., 2018). In addition to
monitoring nest attendance, we wanted to test whether BR treatment
would aﬀect parental investment (i.e., brooding at lower temperatures
as in (Thierry et al., 2013). Furthermore, PRL may play a role in regulating temperature as it is involved in energy metabolism (Bole-Feysot
et al., 1998).
On day 1 post-hatch, immediately after subjects received treatment,
all eggs were removed and two 1–4 day old foster chicks (see Section
2.4. for details) were placed in the nest in order to standardize the
hatching dates/times and chick rearing load for all pairs. No pairs had
hatched chicks of their own at the time of foster chick placement. Behavior was videotaped on both days 1 and 2 post-hatch for two consecutive hours immediately following treatment administration (when
our BR treatment was most active; see Fig. 2.B). Foster chicks remained
in the nest overnight. After the last video on day 2, each adult subject
was weighed again to the nearest 0.1 g, and foster chicks were returned
to their natal nests.
Parental behavior inside the nest was coded as in Smiley and
Adkins-Regan (2016b) using the program ELAN, version 4.9.2 during
the entire two-hour period following treatment. Brieﬂy, chick brooding
was coded at the total amount of time a subject spent sitting on top of
the chicks (to provide heat for chick thermoregulation). Chick feeding
was coded as the total time a subject spent regurgitating into either of
the chick's mouths. In addition, we also coded eating and drinking
behavior. Eating was coded as the total time an adult subject spent
consuming seed from the feeder and drinking was coded as the total
time an adult subject spent consuming water from the water bottle
spout. For examples of each behavior coded, see Fig. 1. A trained research assistant who was blind to treatment and reproductive

2.3. Bromocriptine dosage and pilot study
The primary inhibitory factor for PRL is dopamine (DA) acting at
the D2 receptors on the lactotroph cells in the anterior pituitary (El
Halawani et al., 1991; Kahtane et al., 2003; Youngren et al., 1996).
Bromocriptine (BR) is a selective D2 agonist that has been successfully
used to lower PRL in several avian species such as house ﬁnches
(Badyaev and Duckworth, 2005), domestic chicken hens (Gallus gallus
domesticus; Reddy et al., 2007), emperor penguins (Aptenodytes forsteri;
Angelier et al., 2006), and Adélie penguins (Cottin et al., 2014; Thierry
et al., 2013). Christensen (2007) tested several doses of BR in breeding
zebra ﬁnches and found that 10 mg/kg was the most successful at
lowering PRL in breeders (~ 76% reduction from baseline 10 min after
injection). We aimed to replicate this ﬁnding in a separate pilot study
that used 17 adult breeding zebra ﬁnches (n = 9 males; n = 8 females)
of mixed reproductive experiences. In addition, we tested the eﬀectiveness of BR to lower PRL at 1, 2, 3, and 4 h post-administration.
Bromocriptine (2-Bromo-α-ergocryptine methanesulfonate salt,
Sigma-Aldrich B2134) was suspended in peanut oil at a dose of 10 mg/
kg body weight. This solution was thoroughly vortexed before being
taken up by a pipette. Subjects were fed either 50 μl of the BR solution
or 50 μl of peanut oil alone (control). To orally administer the treatment, birds were captured by turning oﬀ the lights in the study room
and were located using ﬂashlights. Treatments were slowly pipetted
into the subject's mouth and were readily consumed. Subjects were
immediately placed back into their testing cage and lights were turned
back on.
Pilot subjects were randomly assigned to either receive a BR or
control treatment during days 12, 13, and 14 of incubation and day 1
and 2 post-hatch. Blood samples were taken on day 2 post-hatch.
Bromocriptine subjects were randomly assigned to have a blood sample
taken at 1 (n = 3), 2 (n = 4), 3 (n = 3), or 4 (n = 3) hours after the
treatment; control subjects (n = 4) were bled at 3 h post treatment. To
verify that the eﬀects on PRL in the BR group were not from handling
stress at each time point, an additional pilot study tested another cohort
of birds that received control treatments on days 12–14 incubation and
days 1–2 post-hatch and were bled at hours 1 (n = 6), 2 (n = 4), and 4
(n = 5) hours post-treatment on day 2 post-hatch. Our blood sampling,
plasma collection, and storage procedures are described elsewhere
((Smiley and Adkins-Regan, 2016a, 2016b). All samples were assayed
for PRL in plasma across two plates using an enzyme-linked immunosorbent assay (ELISA), following the methods described in Smiley
and Adkins-Regan (2016b); for validation of the assay, see Smiley and
Adkins-Regan (2016a). We used a high- and low-pool of PRL to calculate the coeﬃcients of variation (CV) within and between plates. For
plate 1, the high-pool intra-CV = 3.33% and low-pool intraCV = 2.56%. For plate 2, the high-pool intra-CV = 7.52% and lowpool intra-CV = 5.75%. The inter-CV values were 2.78% for the highpool and 7.36% for the low-pool. One pilot subject (BR bled at 1 h) was
not analyzed because the assay failed to read the sample.
2.4. Foster chick stimuli
Breeding cages (0.94 m × 0.76 m × 0.94 m) containing eight malefemale breeding pairs (separate from the subjects used in this study)
105
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Fig. 1. Examples of each behavior measured. Photos are
representative still images from videos taken during this
study to illustrate the four behaviors that were measured.
Note that while only one sex is pictured in each photo, both
sexes partake in all behaviors and behaviors were coded
separately for each sex. The sexes are easy to visually distinguish as males have bright orange cheek patches and
females are all grey. (A) Male zebra ﬁnch brooding chicks.
(B) Male feeding a chick (regurgitating). (C) Female eating
seed from the food dish. (D) Male drinking from waterspout.

post-treatment was the ﬁxed factor and NestID, a unique number to
identify which nest subjects occupied (which also accounts for PairID),
and SubjectID, a unique number to identify each individual subject,
nested with NestID were included as random factors. Analyzing each
time point separately did not yield an adequate sample size to detect
eﬀects between groups, therefore hours 1 and 2 post-treatment administration were combined and hours 3 and 4 were combined to create
two BR-treated groups. Least signiﬁcant diﬀerence (LSD) post-hoc tests
were used to determine signiﬁcant diﬀerences between these three
groups. An additional LLM was conducted in the same way on the
control data from the second pilot study.

and eight nest boxes were set up to produce oﬀspring stimuli for each
cohort. Breeding cages were supplied with nesting material (coconut
ﬁbers), food, water, and grit available ad libitum and were provided
weekly hard-boiled egg supplement. Daily nest checks were performed
to track incubation and to predict chick-hatching dates. Eggs were
checked for fertility by candling them one week after laying. Foster
chicks were returned to their natal nest when the study concluded.
2.5. Statistical analyses
All statistical analyses were performed using IBM SPSS Statistics for
Windows, version 24.0 (IBM Corp, Armonk, NY), unless otherwise
noted. All data were analyzed at the level of the individual, unless
otherwise noted. The use of mixed models addresses the non-independence of the data by including a random variable that controls for
pair identity (referred to as “PairID”), with the caveat that subjects'
behavior may be dependent on the fact their partner received a similar
drug treatment. For all mixed models that were used, non-signiﬁcant
terms were removed in a backwards, stepwise manner until only signiﬁcant terms remained. All post-hoc analyses were performed with
least squares diﬀerence (LSD) tests, with a Bonferroni correction applied when necessary to correct for multiple comparisons. Assumptions
were checked for all mixed models by plotting predicted values vs.
residuals and by plotting residuals on a Q-Q plot to visually inspect for
normality. In all analyses, signiﬁcance was accepted if p-values
were < 0.05.

2.5.2. Eﬀect of treatment, experience, and sex on the probability of showing
parental behavior
We tested whether the probability of displaying either parental
behavior (chick brooding or feeding) was aﬀected by treatment, experience, or sex and all possible 2- and 3-way interactions (ﬁxed factors) by running two separate generalized linear mixed models (GLMM)
with a binomial distribution and logit-link, where 0 = no behavior and
1 = some behavior. CohortID (a unique number to denote which cohort
birds were used in) and PairID nested within CohortID were included as
random factors for both models. These analyses were performed in SAS,
University Edition for Windows 10.
2.5.3. Eﬀects of treatment, experience, and sex on behavior durations
Each behavior duration (chick brooding, chick feeding, eating, and
drinking) was run in a separate LMM to test the eﬀects of treatment,
experience, and sex and all possible 2- and 3-way interactions. For each
of these models SubjectID nested within PairID, PairID nested within
CohortID, PairID nested within StudyRoomID (a unique number to
denote which room birds were tested in) *CohortID, and StudyRoomID

2.5.1. Eﬀect of bromocriptine on plasma prolactin concentrations: pilot
studies
A linear mixed model (LMM) was used to analyze the eﬀects of time
post-treatment on circulating PRL concentrations. Time of blood sample
106
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Fig. 2. Bromocriptine reduces plasma prolactin to non-breeding concentrations: pilot studies. The eﬀect of treatment (bromocriptine or control) on mean ± standard error plasma
concentrations of prolactin following oral administration. (A) For reference, data from non-manipulated, non-breeding (n = 10 males and 11 females) and breeding (n = 5 males and 3
females) zebra ﬁnches collected in a previous study in our lab (Smiley and Adkins-Regan, 2016a). Diﬀering letters indicate a signiﬁcant diﬀerence (p < 0.05). Figures B and C are data
from the current pilot studies. (B) The ﬁrst pilot study administered either a bromocriptine (bromo) or vehicle control treatment to breeding zebra ﬁnches. All pilot subjects were bled on
day 2 post-hatch. Bromocriptine birds were either bled at 1, 2, 3, or 4 hour post treatment. Control birds were bled at 3 hour post treatment. For statistical analysis, bromo subjects bled 1
and 2 hour post-treatment and birds that were bled 3 and 4 hour post-treatment were pooled together. Diﬀering letters indicate a signiﬁcant diﬀerence (p < 0.05). Prolactin plasma
concentrations signiﬁcantly declined in the bromocriptine group at hours 1 and 2, and are similar to non-breeders, but returned to normal breeding levels by hours 3 and 4. (C) A second
pilot study was conducted to verify that the eﬀects of bromocriptine on PRL concentrations were not due to handling stress. A second set of birds received vehicle control treatments and
were bled either 1, 2, or 4 hour post-treatment. There was no eﬀect of time on PRL concentrations in control birds, indicating that our treatment eﬀect in ﬁgure B is due to the
bromocriptine, and not from handling stress.

individual. A LMM was used to test the eﬀects of treatment, experience,
sex, and all possible 2- and 3-way interactions on the percent change in
body mass score. PairID nested within StudyRoomID ∗ CohortID,
StudyRoomID, CohortID, and subject's pre-mass were included as
random factors.

nested within CohortID, were included as random factors.
Durations were summed for males and females separately for each
video and then averaged across the two days. If there was only one
video available due to technical failures of the camera, then only the
value from the one day was used in the ﬁnal model. For brooding behavior, four nests (2 BR-EXP, 1 BR-INEX, and 1 CON-EXP) only had one
day of video; for feeding, two nests (1 BR-EXP and 1 BR-INEX) only had
one day of video; for eating and drinking behavior, three nests (1 BREXP and 2 BR-INEX) only had one day of video. Pairwise comparisons
were assessed using LSD post-hoc tests, followed by a Bonferroni correction for multiple comparisons, for all signiﬁcant ﬁxed eﬀects.

2.5.6. Eﬀect of treatment and experience on chick survival
We tested whether the probability of chick survival during the two
days of videotaping was aﬀected by treatment, experience, or an interaction between the two by running a GLMM with a binomial distribution and logit-link, where 0 = no chicks died and 1 = at least one
chick died by the end of the experiment. These data were analyzed at
the level of the nest since both members of the pair would have the
same values. CohortID was the random variable. These analyses were
performed in SAS, University Edition for Windows 10.

2.5.4. Eﬀect of treatment and breeding cycle stage on nest temperatures
Nest temperatures were averaged during the two-hour period following treatment administration (when bromocriptine was most active), referred to as treatment “on,” and over the 22-hour period in
between treatments, referred to as treatment “oﬀ,” during each day of
treatment (days 12 incubation through day 2 post-hatch). Five out the
25 total nests only had temperature data for days 1 and 2 post-hatch
(BR-INEX n = 1; BR-EXP n = 2; CON-EXP n = 1; CON-INEX n = 1).
We used a LMM to analyze the eﬀects of treatment, experience, day
of treatment (e.g., day 12 incubation through day 2 post-hatch),
treatment active/inactive, and all possible 2-, 3-, and 4-way interactions. CohortID, day of treatment nested within Cohort ID, and NestID
nested within CohortID, were included as random factors. These data
were analyzed at the level of the nest since both members of the pair
would have the same values. Pairwise comparisons were adjusted using
a Bonferroni correction to account for multiple comparisons for all
signiﬁcant ﬁxed eﬀects.

2.5.7. Correlations between parental behavior durations within male-female
pairs
Correlations between parental behavior (chick brooding and
feeding) durations were analyzed within male-female pairs using a
Pearson's R test, controlling for PairID. Correlations within BR and
control treated pairs were run separately, using data from both video
days. The number of pairs in which only one member performed behavior, and hence, could not be included in the analysis are as follows:
chick brooding (BR-EXP n = 5; BR-INEX n = 2); chick feeding (BR-EXP
n = 3; BR-INEX n = 1; CON-EXP n = 2).
3. Results
3.1. Bromocriptine pilot study results

2.5.5. Eﬀect of treatment, experience, and sex on percent change in adult
mass
We calculated a percent change in body mass score as ([post-experiment mass – pre-experiment mass]/post-experiment mass) for each

For the ﬁrst pilot study, there was an overall eﬀect of time of blood
sample post-treatment on PRL concentrations (F2,13 = 4.02, p = 0.04,
partial eta2 = 0.38). LSD post-hoc tests revealed that PRL
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Table 1
Percentage of bromocriptine and control subjects observed performing parental behaviors. The number and percentage of subjects, separated by treatment groups, that were observed
chick brooding and chick feeding across days 1 and 2 post-hatch. Both reproductive experience groups and both sexes are included in each treatment group. N is the total number of
subjects for which there was data available.
Control

Day 1

Day 2

Average Days 1
and 2

Chick
brooding
Chick feeding
Chick
brooding
Chick feeding
Chick
brooding
Chick feeding

Bromocriptine

N=

N behavior
observed

N behavior not
observed

% behavior
observed

N=

N behavior
observed

N behavior not
observed

% behavior
observed

18

15

3

83.3

26

8

18

30.8

18
20

12
18

6
2

66.7
90.0

24
26

5
10

19
16

20.8
38.5

18
–

11
–

7
–

61.1
86.7

20
–

7
–

13
–

35.0
34.6

–

–

–

63.9

–

–

–

27.9

drinking behavior. See Fig. 4.B.

concentrations during hours 1–2 post-treatment were signiﬁcantly
lower than hours 3–4 (p = 0.04, cohen's d = 1.40) and lower than
controls (p = 0.02, cohen's d = 1.60). Means and standard errors (SE)
are presented in Fig. 2.B. For the second control pilot study, there was
no eﬀect of time (p = 0.35) on PRL concentrations. See Fig. 2.C.

3.4. Eﬀect of treatment and day on nest temperature
There was a signiﬁcant interaction between treatment and day of
treatment (F4,176.82 = 4.84, p < 0.01, partial eta2 = 0.10). Pairwise
comparisons revealed that BR treated nest temperatures were lower
than controls only on day 1 post-hatch (p = 0.05, cohen's d = 0.66)
and day 2 post-hatch (p = 0.01, cohen's d = 1.00). There was no difference between BR and control nest temperatures on day 12
(p = 0.34), day 13 (p = 0.70), or day 14 (p = 0.42) of incubation. See
Fig. 5.
There was another interaction between treatment and whether the
treatment was active or inactive (F1,168.86 = 14.01, p < 0.01, partial
eta2 = 0.08). Pairwise comparisons showed that BR nest temperatures
were lower than controls during the ﬁrst 2 h after treatment, while the
drug was active (p = 0.04, cohen's d = 1.13), but not while the drug
was inactive (p = 0.46). See Fig. 5.

3.2. Eﬀect of treatment, experience, and sex on probability of showing
parental behavior
There was a signiﬁcant eﬀect of treatment on the probability of
displaying chick brooding (F1,67 = 11.93, p < 0.01, partial
eta2 = 0.15) such that control subjects were more likely to brood (least
square mean (LSM) = 0.94 ± SE 0.05) than BR subjects
(LSM = 0.28 ± SE 0.12), regardless of sex or experience level. There
was also a signiﬁcant eﬀect of treatment on the probability of displaying chick feeding behavior (F1,59 = 10.19, p < 0.01, partial
eta2 = 0.14) such that control subjects were more likely to feed
(LSM = 0.91 ± SE 0.07) than BR subjects (LSM = 0.24 ± SE 0.12),
regardless of sex or experience level. For sample sizes and proportions
of birds that were observed for each parental behavior, refer to Table 1.

3.5. Eﬀect of treatment, experience, and sex on change in adult mass

3.3. Eﬀect of treatment, experience, and sex on behavior durations

There was no eﬀect of treatment (p = 0.21) or reproductive experience (p = 0.15) on the percent change in body mass. There was,
however, an eﬀect of sex (F1,23.76 = 8.92, p < 0.01, partial
eta2 = 0.27) such that females lost more mass by the end of the experiment than did males. On average, the percent change in mass for
females was −5.18% ( ± 8.24 sd), whereas the change for males was
1.12% ( ± 6.98 sd) from the beginning to the end of the experiment.

For chick brooding, there was a signiﬁcant eﬀect of treatment
(F1,20.00 = 25.59, p < 0.01, partial eta2 = 0.56) such that control
birds brooded for longer durations than the BR birds. There was no
eﬀect of reproductive experience (p = 0.28) or sex (p = 0.26) on
brooding duration. See Fig. 3.A.
For chick feeding, there was also a signiﬁcant eﬀect of treatment
(F1,14.96 = 8.79, p = 0.01, partial eta2 = 0.37) such that BR birds fed
less than control birds. There was a signiﬁcant interaction between
treatment and reproductive experience (F1,13.38 = 6.18, p = 0.03,
partial eta2 = 0.32) such that within the control group only, experienced birds fed more than inexperience birds (p = 0.01, cohen's
d = 1.28). There was also a signiﬁcant interaction between treatment
and sex (F1, 17.00 = 5.98, p = 0.03, partial eta2 = 0.26) such that
within the control group only, females fed more than males (p < 0.01,
cohen's d = 0.79). Within the BR group, there was no eﬀect of experience (p = 0.80) or sex (p = 0.88). See Fig. 3.B.
There was an eﬀect of treatment on eating behavior (F1,
2
36.00 = 5.11, p = 0.03, partial eta = 0.12), such that BR birds ate for
longer durations than control birds. There was no eﬀect of reproductive
experience (p = 0.72) or sex (p = 0.75) on eating behavior. See
Fig. 4.A.
There was a marginal eﬀect of treatment on drinking behavior (F1,
2
35.53 = 4.32, p = 0.05, partial eta = 0.11), such that bromocriptine
birds drank for longer durations than the control group. There was no
eﬀect of reproductive experience (p = 0.80) or sex (p = 0.25) on

3.6. Eﬀect of treatment and experience on chick survival
There were no eﬀects of treatment (p = 0.87) or experience
(p = 0.98) on the probability of a chick surviving during days 1 and 2
post-hatch. Across all groups, 88% of chicks survived both days of
treatment. The numbers of nests that had at least one chick die during
days 1 or 2 post-hatch are as follows: BR-EXP n = 1; BR-INEX n = 2;
CON-EXP n = 3; CON-INEX n = 1.
3.7. Within pair correlations of parental behavior
In the BR group, there were no signiﬁcant correlations between
male-female brooding durations (r(10) = −0.16, p = 0.61) or chick
feeding durations (r(5) = 0.03, p = 0.96). See Fig. 6.A and B. There
was also no correlation between male-female brooding durations in the
control group (r(14) = 0.19, p = 0.49). There was, however, a strong,
positive correlation between male-female feeding durations in the
control group (r(13) = 0.78, p < 0.01). See Fig. 6.C and D.
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Fig. 3. Parental behavior data. Dot plots show (A) chick brooding and (B) chick feeding duration data from individuals, averaged across days 1 and 2 post-hatch. Plots are divided by
treatment (Y-axis) and reproductive experience groups (top X-axis). Bottom X-axis is the duration of time during each video that subjects were observed displaying each behavior.
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Fig. 4. Eating and drinking data. Dot plots show (A) eating and (B) drinking duration data from individuals, averaged across days 1 and 2 post-hatch. Plots are divided by treatment (Yaxis) and reproductive experience groups (top X-axis). Bottom X-axis is the duration of time during each video that subjects were observed displaying each behavior.
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elicited by stimuli from dependent oﬀspring (e.g., begging calls). In
fact, exposure to chicks alone can induce parental behaviors in zebra
ﬁnches (Smiley and Adkins-Regan, in review), chickens (Richard-Yris
et al., 1987), and black-headed gulls (Chroicocephalus ridibundus; Beer,
1965) before natural hatching occurs. Since the BR parents spent less
time in the nest during the video, the BR chicks likely became weaker
and colder from lack of parental care, changing the sensory properties
of the chicks. Therefore, in addition to the eﬀects of inhibiting PRL, BR
chicks may not have been as eﬀective in eliciting parental care behavior
as control chicks were, which may have also contributed to the decrease
in parental behavior. In light of this, we hypothesize that one role of
PRL may be to increase the saliency of chick stimuli so that the parents
spend more time in close proximity to the chicks, and pay more attention to chick cues. In turn, the chick cues will continue to be effective in eliciting parental care behavior towards the dependent
young. If BR birds were less interested in chicks overall, then this could
also explain why they spent less time in the nest and were less responsive to chick cues, resulting in little or no parental care.
In addition to aﬀecting parental care duration, PRL may also be
important for parental behavior coordination between breeding pairs.
Increased parental behavior coordination is related to increased reproductive success in biparental avian species (e.g., Gabriel and Black,
2012; Royle et al., 2010; Spoon et al., 2006), including zebra ﬁnches
(Mariette and Griﬃth, 2015). While control birds were highly correlated in their chick feeding durations, BR treated birds showed no such
correlation. In addition, the majority of pairs in which only one member
performed any parental behavior were in the BR treated group (see
Section 2.5.7.), which further suggests that the BR pairs' behavior was
not coordinated. Complimentary to these results, a recent study has
shown that administering vasoactive intestinal polypeptide, which induces a maximal PRL response, increased pair correlation in chick
feeding behavior between male-female pairs given foster oﬀspring
during incubation (Smiley and Adkins-Regan, in review), further supporting a role for PRL in pair behavior coordination. In addition to
increasing the saliency of chick cues, one may hypothesize that PRL
may also be inﬂuencing the perception of social cues from the breeding
partner which are used to synchronize nest visits and parental care
behavior.

Fig. 5. Nest temperatures across the ﬁve-day experimental period. The average temperature across the entire experimental period, between treatment groups (bromocriptine
(bromo) and control). Temperatures were recorded every 10 min beginning after the ﬁrst
treatment on day 12 incubation (incub) and were recorded for 24 h after the last treatment on day 2 post-hatch. Treatment “on” refers to the average temperature during ﬁrst
2 h after treatment was administered, when the bromocriptine was most active.
Treatment “oﬀ” represents the average temperature during the 22 h in between treatments (treatments were administered 24 h apart). Bromocriptine and control nests only
diﬀered in temperature signiﬁcantly on days 1 and 2 post-hatch during the treatment “on”
period as indicated by ** (p < 0.01).

4. Discussion
We have shown for the ﬁrst time that lowering PRL using bromocriptine (BR) either eliminated or drastically reduced parental care in
both male and female zebra ﬁnches, regardless of reproductive experience, which greatly reduced the probability of displaying either
chick brooding or chick feeding behavior. These results are in agreement with other studies in house ﬁnches (Badyaev and Duckworth,
2005) and black-legged kittiwakes (Angelier et al., 2009; Badyaev and
Duckworth, 2005; Thierry et al., 2013) which found that lowering PRL
reduced post-hatch parental care and nest attendance, respectively. In
this study, the behavioral eﬀects of BR appear to be speciﬁc to chick
care as BR nest temperatures were only signiﬁcantly lower than control
nests during days 1 and 2 post-hatch, and only when the drug was
active (Fig. 5). Additionally, our nest temperature data conﬁrm that our
treatment eﬀect on parental behavior was not due to birds abandoning
their nests before chicks hatched, as nest temperatures were no different between treatment groups during the last three days of incubation. This lack of parental care during the post-hatch period was not
enough to aﬀect chick survival, however. Since BR only has a short,
transient eﬀect on the suppression of PRL, it is likely that after the BR
wore oﬀ, PRL levels were restored to normally high breeding levels and
parental care resumed. This is reﬂected in the fact that BR nest temperatures returned to similar temperatures as controls while the drug
was inactive, meaning parents were inside the nest. Previous work from
our lab has shown negative correlations between naturally occurring
low PRL concentrations on day 2 post-hatch and increased pre-ﬂedging
mortality in zebra ﬁnches (Smiley and Adkins-Regan, 2016b), suggesting if we had used a longer acting manipulation and/or had continued the PRL manipulation and measured behavior for more days, we
would have found an eﬀect on oﬀspring mortality.

4.2. Eﬀects of reproductive experience
Contrary to our prediction, reproductive experience did not buﬀer
subjects against the BR treatment, as experienced birds were unable to
compensate for the eﬀect of decreased PRL. This is somewhat surprising
as maternal memory in multiparous rats can be activated in the absence
of hormonal cues from pregnancy, and therefore, rats can perform
maternal care behaviors without hormonal stimulation after gaining
experience (Fleming et al., 1996). However, this maternal memory
phenomenon has not been well studied in birds, so it is unclear whether
the same principles of experience that have been discovered in rodents
would also apply to avian systems.
There were, however, eﬀects of reproductive experience on parental
behaviors in the control group, such that experienced birds fed chicks
for longer durations than inexperienced birds. In most birds, including
zebra ﬁnches, reproductive experience is positively associated with
greater reproductive success (Baran and Adkins-Regan, 2014; Cichoñ,
2003; Lv et al., 2016; Riechert et al., 2012), which may be the result of
increased parental behavior and investment into the second brood.
Indeed, Delesalle (1986) found that experienced zebra ﬁnches increased
their parental care relative to their ﬁrst breeding bout and produced
more oﬀspring, resulting in greater reproductive success. Zebra ﬁnches
are short lived and breeding opportunities are unpredictable (Zann,
1996), and thus, mechanisms which increase parental investment over
time may be adaptive if they are granted additional opportunities to
breed during their lifetime. Although experience appears to positively
aﬀect parental behavior, the question remains: does PRL regulate this

4.1. Role of prolactin in parental behavior
Our results support a strong causal role for PRL in the onset of
parental care behavior. However, it is also important to consider the
role of chick stimuli in stimulating parental care. Parental care can be
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Fig. 6. Within pair parental behavior duration correlations. Each circle represents one male-female pair. Filled circles are reproductively experienced pairs; open circles are in reproductively inexperienced pairs. Pair correlations from both days of video recording are included in each ﬁgure. There were no signiﬁcant correlations between (A) male and female
brooding durations or (B) chick feeding durations in the bromocriptine group. There were also no signiﬁcant correlations between (C) male and female chick brooding durations in the
control group. There was, however, a strong, positive correlation between (D) male and female chick feeding durations in the control group.

hatch care have been mixed [female biased: (Delesalle, 1986); no sex
diﬀerences (Gilby et al., 2011; Royle et al., 2006)]. Females lost a
greater percent of mass than males over the course of breeding, which
may have been a result of increased investment during incubation and
chick feeding. Although zebra ﬁnches share parental care duties
roughly evenly, this report, along with others, shows that overall females invest more into the brood than males.

increase in parental behavior in experienced birds? Reproductively
experienced zebra ﬁnches showed a greater increase in PRL beginning
in late incubation, compared to when they were ﬁrst-time breeders
(Smiley and Adkins-Regan, 2016a). However, PRL and parental behavior also appear to have a bidirectional relationship such that stimuli
from the nest, eggs, and chicks stimulate PRL release in birds (Buntin,
1996). One may predict that the increase in PRL observed in experienced breeders causes them to spend more time in the nest, resulting in
increased amounts of parental care to young. Alternatively, it may be
the case that chicks cause a greater release of PRL in experienced birds,
relative to inexperienced birds, which subsequently inﬂuences behavior. An intriguing hypothesis worth testing would be to see if there is
greater PRL release when exposed to egg or chick stimuli in reproductively experienced birds and if that inﬂuences subsequent parental behaviors.

4.4. Ruling out other potential side eﬀects
Bromocriptine was previously found not to be eﬀective in lowering
PRL in zebra ﬁnches (Ryan et al., 2014), even though its use has been
successful in other avian species such as house ﬁnches (Badyaev and
Duckworth, 2005), domestic chicken hens (Gallus gallus domesticus;
Reddy et al., 2007), emperor penguins (Aptenodytes forsteri; Angelier
et al., 2006) and Adélie penguins (Cottin et al., 2014; Thierry et al.,
2013). Our treatment was suspended in peanut oil and orally administered in order to accommodate a much higher dose than Ryan
et al. (2014) used, which is likely the reason our treatment was successful. The eﬀect of BR on PRL was not likely due to stress or handling
as data from our second pilot study (Fig. 2.C) showed no decline in PRL
in control birds 1 or 2 hour post-handling, when BR had the strongest
eﬀect on PRL. This is consistent with other studies in avian species that

4.3. Sex diﬀerences in parental care
Females fed more than males in the control group, which is consistent with Delesalle's (1986) ﬁndings in normally breeding zebra
ﬁnches. Previous works have reported that female zebra ﬁnches invest
more time into incubation (Delesalle, 1986; El-Wailly, 1966; Zann and
Rossetto, 1991), while reports of female-biased investment in post112
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have found no signiﬁcant diﬀerence in PRL after short-term handling
stress (e.g., Angelier et al., 2007a; Angelier et al., 2007b; Chastel et al.,
2005; Christensen and Vleck, 2008; Maney et al., 1999). While the
exact time course for PRL action to take eﬀect in zebra ﬁnches is unknown, Christensen (2007) found that BR at this dose is fast acting
(within 10 min) on circulating PRL concentrations. In addition, PRLmediated behavioral eﬀects could be quickly detected (within
5–10 min) post-peripheral injection of PRL in ring doves (Wang and
Buntin, 1999).
Bromocriptine is a dopamine (DA) agonist so its actions on PRL are
indirect via DA-pathways that inhibit PRL secretion (Chaiseha et al.,
1997; El Halawani et al., 1991; Freeman et al., 2000). Therefore, there
is a possibility that the reduction in parental care behavior is via other
downstream eﬀects, other than PRL, in this study. In particular, decreasing DA using BR reduces locomotor activity in rodents but, to our
knowledge, the eﬀects of BR on locomotor activity have not been examined in birds. We do not believe this was responsible for our parental
behavior deﬁcit as we did not observe any adverse locomotor eﬀects in
our birds during the pilot testing period. Importantly, we also did not
see any adverse eﬀects on eating or drinking in BR-treated animals. PRL
has well documented eﬀects in hyperphagia (increased feeding; Buntin,
1989; Woodside, 2007) and osmoregulation (Bole-Feysot et al., 1998)
so any adverse eﬀects of BR were predicted to lower these behaviors,
compared to controls. However, the opposite occurred, where BR
treated birds ate more than controls, which we interpret is likely a result
of having more time to eat and drink by not spending their time in the
nest caring for chicks. Additionally, since eating and drinking behaviors
were not disrupted, this indicates that birds could move freely between
the feeder and drinking spout, which were set up on opposite sides of
the cage. There was no eﬀect of treatment on percent change in body
mass at the end of the experiment, suggesting BR and control subjects
were eating similar amounts through the duration of the experiment.
Finally, while no avian studies to date have used a remove and replace
paradigm with BR, maternal behavior is rescued by administering PRL
in rodents treated with BR (Bridges, 2015) indicating PRL is the mechanism of action for maternal care.
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4.5. Conclusions
In conclusion, we have shown that lowering PRL either eliminated
or drastically reduced parental care in both male and female zebra
ﬁnches. These results may point to a more conserved role for PRL in
chick provisioning generally, as it extends the role of PRL beyond crop
milk feeding in ring doves. Moreover, control male-female pairs were
highly correlated in their chick feeding durations, whereas this paircorrelation was disrupted in BR treated pairs. This suggests another role
for PRL is to synchronize parental behaviors between the two parents.
One way in which PRL could have both of these eﬀects is by increasing
the saliency of both chick cues and the breeding partner's cues, in order
to increase their parental behaviors in concert with their breeding
partner. In addition, we have shown that reproductive experience increased chick feeding in normally breeding birds (controls). Whether or
not this is a direct result of the greater increase in PRL observed in
experienced birds, or whether chicks evoke a stronger PRL response,
remains unknown. Future studies should continue to look at the bidirectional relationship of PRL and parental care and its role in pair behavior coordination.
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