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The soundscape experienced by animals early in life can affect
their behaviour later in life. For birds, sounds experienced
in the egg can influence how individuals learn to respond
to specific calls post-hatching. However, how early acoustic
experiences affect subsequent social behaviour remains
unknown. Here, we investigate how exposure to maternal
‘cluck’ calls pre-hatching affects the behaviour of domestic
chickens (Gallus gallus domesticus) at 3–5 days and 17–21
days old. We incubated eggs and played cluck calls to half
of them. After hatching, we raised chicks in small groups
occupying different enclosures. At 3–5 days old, we tested
chicks’ responses to three stimuli: (i) background sound, (ii)
chick calls and (iii) cluck calls. We found that the pre-hatching
experience of cluck calls reduced the likelihood of moving in
response to all three stimuli. At 17–21 days old, some chicks
explored beyond their own enclosure and ‘visited’ other
groups. Chicks exposed to cluck calls before hatching were
three times more likely to enter another group’s enclosure
than control chicks, and this was unaffected by the chicks’
social connectedness. Our results indicate age- and context-
dependent responses of chicks to pre-hatching cluck-call
playbacks, with potential long-term effects on individual
social behaviour.
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1. Introduction
Developmental plasticity is common in the animal kingdom, with early-life conditions influencing
physiology, morphology and behaviour later in life through altered developmental processes [1–4].
Individuals do not passively react to current conditions but actively interact with their environment.
First experiences and interactions can happen very early in life, with embryos already gaining
information from their environment using different sensory modalities. Information may be obtained
through various means, including maternal provisioning, reflecting conditions experienced by the
mother [1,2,5], chemical cues (e.g. from predators) [6] or acoustic/vibrational cues [7,8]. Sound can
pass across both short and long distances, with relatively little influence of physical barriers [9–11].
In addition, acoustic information can be transmitted without altering the suitability of the prenatal
environment for development [4]. In birds, sound exposure during incubation can facilitate auditory
learning by chicks [12], chick development [7,13], food neophobia [14], song learning [14–17] and the
ability of chicks to respond appropriately to species-specific calls [18–21], including the development
of escape responses triggered by caution calls [17]. These adaptations may not be a simple case of
associative learning, as some acoustic cues heard before hatching can alter later-life responses to other
call types which were not heard pre-hatching. For example, wood ducklings (Aix sponsa) exposed to
sibling hatchling calls during incubation responded more selectively to maternal calls after hatching
than did non-exposed chicks [21]. Similarly, ring-necked pheasant (Phasianus colchicus) chicks exposed
to hen incubation calls before hatching showed a stronger attraction to maternal feeding and caution
calls than chicks that had not been exposed to such calls during incubation [18].

Prenatal sound exposure may provide anticipatory cues for longer term environmental conditions
[4] and may affect ontogenetic pathways in two different ways. First, cues about the immediate
environment might affect the transition between life stages. For example, embryos of insects, rep-
tiles and birds synchronize hatching time based on vibrational or acoustic cues from their clutch
mates, parents or approaching predators [4,8]. Second, prenatal sounds might also modify individ-
ual phenotypes to suit predicted conditions in a subsequent life stage. For instance, during later
incubation, zebra finch (Taeniopygia guttata) parents produce ‘heat-calls’ in response to high ambient
temperatures [7], which modify offspring development such that embryos exposed to these calls tend
to be lighter as nestlings [7], show improved mitochondrial efficiency [22] and are more heat tolerant
as adults [23]. Such modifications may be specific to particular circumstances (e.g. environmental
temperature or predator threat levels) or may be more general, as evidenced by changes in stress
physiology and behaviour of yellow-legged gulls (Larus michahellis) and Japanese quail (Coturnix
coturnix japonica) prompted by pre-hatching acoustic environments [13,24]. While it is now evident
that pre-hatching sound environments can affect the response of individuals in later life to con- or
heterospecific acoustic cues or environmental conditions, less is known about how such processes
might affect social behaviours which are commonly underpinned by signalling, including calls, songs
and other sounds [11], though see [25] for a review.

Precocial birds offer a specifically well-suited model system to investigate questions related to the
effect of pre-hatching stimulation on post-hatching behaviour, as they can be kept in a laboratory
setting, embryo experiences can be easily manipulated and chicks are able to move and engage with
conspecifics immediately after hatching [25]. In chickens (Gallus gallus domesticus), hens signal to their
chicks using a range of vocalizations, including cluck calls used to induce them to follow the hen
to a different location [26]. Broody hens also frequently emit clucks in the last days of incubation
[27]. After hatching, chicks emit two primary vocalizations: distress calls, indicating increased stress
levels [28,29], and pleasure-note calls, indicating a relaxed state [26]. Here, we explore how exposure
to maternal calls during incubation affects the social exploratory behaviour of domestic chicks at 3−5
days and 17−21 days of age. At 3–5 days of age, chicks had the opportunity to get used to their new
environment but were still fresh to the world, while at 17 days, the chicks were able to start using their
wings, thus significantly increasing mobility. We raised two cohorts of chicks in artificial incubators
and controlled the pre-hatching acoustic environment so that embryos either experienced or did not
experience playbacks of maternal cluck calls (incubation treatment). Once chicks hatched, we reared
them in groups of six individuals and observed them daily. At 3−5 days post-hatching, we conducted
a playback experiment (chick treatment) to explore how the experience of hearing maternal calls during
incubation affects the behaviour and vocalizations of chicks post-hatching, predicting chicks with
incubation-call treatment to be more exploratory. When chicks reached approximately 17 days old,
we opportunistically observed that they were able to perch on the enclosure walls and to hop out of
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their own enclosures into the enclosures of other groups. To test whether chicks that had experienced
pre-hatching maternal calls were more likely to ‘visit’ other groups, we analysed these opportunistic
recordings.

2. Methods
2.1. Overview
We conducted this work at the University of Exeter, Streatham Campus between June and November
2021. Experimental manipulations and data collection consisted of different parts, as outlined in figure
1.

2.1.1. Incubation playback (independent samples)

Half the eggs in each of the two cohorts received playbacks of maternal cluck calls during the last week
of incubation (incubation-call treatment), while the other half did not receive a playback (incubation-
control treatment); see figure 1a.

2.1.2. Rearing

Once hatched, chicks were separated into groups of six individuals and reared until they were 21 days
old. All chicks within a group had the same incubation treatment, i.e. groups with ‘incubation-call
treatment’ and groups with ‘incubation-control treatment’.

2.1.3. Playback during early stages of rearing (repeated measures)

When chicks reached 3−5 days old, they each received three 5 min playback treatments in a random
order on consecutive days, while isolated in an arena: (i) control background sound, (ii) chick pleasure-
note calls (hereafter ‘chick calls’) or (iii) maternal cluck calls (matching those heard before hatching);
see figure 1c. Chick pleasure-note calls were chosen as a control as all tested chicks were familiar with
these vocalizations at the time of testing and they are emitted in non-threatening contexts. Data were
collected on individual vocal and movement behaviour in response to the different stimuli.

2.1.4. Observations during late stages of rearing (repeated measures)

From day 1 onwards, we conducted daily observations of the chick’s behaviour (figure 1b) within their
home enclosures. First, we recorded a 1 h video each morning from 06.00 to 07.00 and, second, we
took high-resolution images at 5 min intervals between 17.00 and 20.00. From the latter, we calculated a
social network for each group for the first 14 days of rearing. From the videos, we observed individual
perching times and durations as well as visits to other group enclosures.

2.2. Chick rearing
We reared two cohorts of chicks from egg to approximately three weeks of age. The first cohort was a
common layer hybrid and, due to supplier issues, the second cohort was Hubbard JA 87. See electronic
supplementary material, table S1, for details on incubation time and the number of eggs incubated
in each cohort. We incubated each cohort of eggs using four Brinsea 56 advanced incubators. During
incubation, the temperature was kept at 37.5°C and humidity at 45% in the first two weeks; we turned
on periodic cooling between day 7 and day 18 of incubation for 30 min. Eggs were exposed to low
levels of indirect light through a small window in the room with the incubators for 10–13 h per day.
Once the eggs were set for hatching (on day 18 of incubation), humidity was increased to 70%. Eggs
were candled (looking into a developing egg by shining a bright light through it) after 7 and 14 days of
incubation. On day 14, we removed any undeveloped eggs from the incubators and the remaining eggs
were redistributed evenly across the four incubators.

During the last week of incubation, we played back maternal cluck calls to the eggs in two of the
incubators (incubation-call treatment) on average on the hour for about 12 min between 06.00 and
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20.00 every day until the end of hatching. The eggs in the remaining two incubators did not experi-
ence a playback (incubation-control treatment) and were acoustically isolated from the playbacks.
For playbacks, we placed small USB loudspeakers (Honk, Model HK-5002) within the incubators;
loudspeakers were connected to a Raspberry Pi 3 Module B+, which remained outside the incubator.
See electronic supplementary material, table S1 for details on the dates of incubation playbacks.

Once all the chicks in a cohort had hatched, we turned the playback off and removed the chicks
from the incubators. Thus, some of the earlier hatching chicks within the incubation-call treatment
incubators were exposed to the maternal cluck calls for a short amount of time after hatching. Chicks
were then individually marked with plastic leg rings as well as coloured dots on their heads, lower
back and, in some instances, the shoulders with Bic permanent markers. In cohort 1, we sexed the
birds by down colour. In cohort 2, we did not manage to precisely feather sex the chicks, meaning that
sex was unknown for these birds. We then divided chicks from each cohort into three groups of six
birds from the incubation-call treatment and three groups from the incubation-control treatment (n =
36 chicks per cohort). Superfluous chicks were either rehomed within 4 days of hatching (n = 19) or
euthanized using a schedule 1 method (n = 3). Chicks were housed in six replicated enclosures (floor
space: 180 cm × 122 cm, walls 60 cm height) within the same room, floored with cardboard chippings
and containing an adjustable heat lamp, feeder, grit and water, two wooden barriers (50 cm height)

Incubation Enclosure observations

1 B

B

P
T

EW

n = 60
2

n = 18

Batch 1

Batch 2

n = 60

n = 18

3
n = 18

n = 18

Playback experiment

Age 3–5 days

(c)

(b)(a)

6

5
4

7

Age 1–21 days

1

2

3

5

6

4

Figure 1. Schematic of the study and experimental protocol. (a) Incubation: two cohorts of eggs were incubated, with half of each
cohort (green) receiving playbacks of maternal cluck calls in the final week of incubation (incubation-call treatment) and the other
half (orange) receiving no playback at that stage (incubation-control treatment). (b) Rearing and enclosure observations: following
hatching, chicks were housed in groups of six chicks each. Enclosures were arranged in two rows of three, separated by tables (T, dark
grey quadrangle) in the middle. Each enclosure included a perch (P), within-enclosure barriers (B) and enclosure walls (EW) as well
as ad libitum water, grit, food and a heat lamp suspended above the centre of the enclosure. The positions of enclosures containing
incubation-call treatment and incubation-control treatment chicks were balanced across cohorts. In each enclosure, the behaviour of
chicks was recorded daily through two Raspberry Pi cameras suspended above each enclosure. (c) Playback experiment with chicks
when 3−5 days old: individual chicks received playbacks in a separate test arena. Playback to chicks was from a loudspeaker [1] with
a feeder [2] separated and visually obscured from the released chick by an opaque barrier [4]. The test subject [7] was considered not
to have left the release area while it remained within 20 cm of where it had been released into the test arena and was considered in
the loudspeaker zone when it was within 20 cm of the loudspeaker [3]. Note that the release area was a circle with 20 cm diameter,
while the loudspeaker zone was a half-circle with 20 cm diameter (i.e. half the size of the release area). The arena was filmed using a
Raspberry Pi with a camera module [6], and sound recorded using a microphone [5] (we placed a second dummy microphone on the
opposite side of the arena).
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and perches (10 and 20 cm height; figure 1). We added vitamins (Nettex Vit Boost) to the water at the
very start of rearing, but not thereafter. The room temperature was kept at approximately 25°C and
the humidity at 40%. Due to space constraints, we could not keep the chick enclosures acoustically
separated from each other. Birds were checked daily to ensure overall health and well-being. Once a
week, we exchanged each individual’s rings for larger ones and weighed and measured each bird’s
right wing and tarsus. We conducted a post hoc analysis of these growth data, which can be found in
detail in the electronic supplementary material. Overall, we found that in cohort 1, the laying hen line,
incubation-call chicks gained weight slower than control chicks and incubation-call males had a shorter
tarsus than control chicks (electronic supplementary material, figure S1). In cohort 2, the broiler line,
where we were not able to determine chick sex, we found no such effects, indicating some differences
in growth between the two lines (electronic supplementary material, figure S2).

We started the playback trials (see §2.4.1) when chicks were 3 days old, conducting one trial per day
per chick. When chicks reached about three weeks of age, they were checked by a vet and rehomed. In
cohort 1, we reared 9 females and 9 males with the incubation-control treatment and 10 females and 8
males with the incubation-call treatment. While our incubation treatment might affect the development
of males and females differently, we did not include bird sex in any of our analyses presented in the
main text (though see the analysis of individual growth in the electronic supplementary material), as it
was only known for one cohort and including the variable would have led to overfitting of the models.

2.3. Sound recordings for playbacks
We created the incubation-call playbacks from recordings of maternal cluck calls emitted by hens while
brooding their eggs from two sources: (i) those provided by ‘The English Country Life’ and (ii) our
own recordings of a hen in Griesbach, Germany (see electronic supplementary material, Methods,
for details on hen call recordings). These recordings were used in both the incubation-call treatment
and the post-hatching playback tests. We added maternal calls from Field et al. [30], provided by S.
Toukhsati, to expand our set used in the playback test. See electronic supplementary material, tables
S2 and S3, for details on the number of hens and calls used for the generation of our playback tracks.
We created the background soundtracks for the post-hatching playback tests from recordings of three
5 min segments of sound from the laboratory next to the room containing the chick enclosures. This
was composed mostly of low frequencies produced by the ventilation system and was chosen because
chicks were familiar with it from incubation and housing in a laboratory environment. We created
the chick-call tracks for the post-hatching playback tests from recordings of a separate cohort of layer
hen chicks, made for 5 min when they were 3 days old using an Eagle omnidirectional condenser
microphone (600 Ω) connected to a laptop computer with the program Audacity 2.4.2. As all chicks
were housed in one room, we recorded only one file. From this sound file, we extracted 112 separate
calls (i.e. calls where no call was overlayed by any other call).

2.4. Playback generation
Each sound file was processed in Adobe Audition (2021). First, we selected calls with minimal
background sound (such as traffic, bird song and conspecific calls) and then applied the noise-reduc-
tion process in Audition. We then matched the amplitude across sound files within each call type.
For the incubation-call treatment, the target amplitude was 16 LUFS. For the cluck-call and chick-call
treatments in the post-hatching tests, the target amplitude was 20 LUFS. We proceeded in a similar
way with the background sound; background-sound segments extracted from the original sound files
ranged from 0.06 to 0.45 s (mean ± s.d. = 0.18 ± 0.07 s) and the target amplitude was 20 LUFS.

We generated playback files in R (R v. 4.0.3; R Core Team, 2020) using the packages seewave [31]
and tuneR [32]. As we wanted to distribute the calls in our playbacks following a natural temporal
pattern, we first calculated the natural time difference between marked calls of each call type (see
electronic supplementary material, table S2, for details on the distribution of times between consecu-
tive calls). We then separated each call by a period of silence, the duration of which was drawn
from the previously calculated time-difference distributions (see electronic supplementary material,
Methods, for a more detailed description).

For the incubation-call treatment, we generated three files (mean ± s.d. duration = 13.4 ± 0.9 min,
range = 12.5 to 14.1 min). We appended the three files to each other, with 45 min silence added in
between the call periods, to create a single file of 2 h and 13 min duration. We then reduced the
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volume to −33 to −27 dB using Adobe Audition 2021 as incubation calls are not naturally very loud.
For the post-hatching playback tests, we generated three different files for each of the three treatments
(cluck call, chick call and control), each of 5 min. Chicks with incubation-call treatment were probably
familiar with some of the calls of the cluck-call treatment, as some of the calls were recorded from the
same hens as for the incubation-call treatment (see also electronic supplementary material, tables S2
and S3).

2.4.1. Playback experiment with chicks

To test how individual chicks aged 3−5 days old responded to different sounds depending on their
pre-hatching experience of calls, we used an arena (194 cm × 94 cm; walls of 60 cm height) with a
centrally placed opaque barrier (approx. 60 cm × 60 cm). On one side of the barrier, we placed a
loudspeaker and a feeder. On the other side of the barrier, we released one chick (figure 1c). Chicks
were released into a dark, turned-over flowerpot (40 cm diameter) with a hole in the bottom by
which the chick could be placed into the release area underneath the pot. At the start of the trial, the
flowerpot was pulled up and out of sight, with the playback track starting simultaneously. During each
trial, we played back 5 min of one of the three possible treatments (chick treatments): (i) maternal cluck
calls, (ii) chick calls or (iii) background sound using a small USB loudspeaker (Honk, Model HK-5002)
connected to a Raspberry Pi 3 module B. Each trial was recorded using a camera module v. 2 and a
USB microphone (GOBEST), both of which were suspended above the test arena and connected to a
Raspberry Pi. Each chick was tested on three consecutive days, receiving one treatment per day, in a
counterbalanced order such that each of the six chicks in a housing group experienced one of the six
possible orders of the three treatments. On each test day, all chicks of one group were tested, before
testing the chicks of the next group to reduce overall disturbance associated with catching the birds.
We tested 18 chicks in the morning and 18 chicks in the afternoon, rotating the arena after testing nine
chicks (we counterbalanced the rotation between test days). Chicks that were tested in the morning on
one day were tested in the afternoon the next and vice versa. This resulted in a total of 108 trials per
cohort.

From the video and audio recordings of each trial, we recorded the latency of the chick to go
around the barrier to the other side(s); the latency to enter the loudspeaker zone(s); the duration spent
within the loudspeaker zone(s); and the type (distress calls or pleasure-note calls), number, timing
and duration of vocalizations emitted by the chick. Calls in recordings were automatically detected
using an amplitude thresholding approach in R using the libraries tuneR [32] and seewave [31]. We
checked each recording in Adobe Audition 2021 and manually labelled any missing calls or corrected
mislabelled calls (e.g. labelled playback calls).

All statistical analyses were conducted in R 4.0.3 [33]. We used mixed-effects models to account for
repeated testing of the same individuals. For each of the analyses, we tested that the model assump-
tions were met using DHARMa [34]. We used the ‘piah’ package in R [35] for post hoc analysis and
calculation of p values from the mixed-effects models. Eight of the 72 tested chicks were mistakenly
given the same playback treatment twice, so were not included in any analyses; this resulted in a
sample size of 192 trials on 64 individuals unless otherwise stated.

Chicks did not move away from the release area in 65 out of 192 trials, hence we first tested
whether there was any movement around the barrier and towards the loudspeaker zone by fitting a
generalized linear mixed model (GLMM) with a binomial distribution (outcome: movement around
the barrier, no movement around the barrier). We included the day of testing, incubation treatment,
chick treatment and the interaction between incubation treatment and chick treatment as fixed effects,
and chick identity nested in cohort identity as random effects. For those chicks that did engage in any
exploration (n = 127 trials on 58 individuals), we investigated factors affecting the latency to arrive at
the loudspeaker zone and factors affecting the time spent within one body length of the loudspeaker
zone, using a GLMM with a negative binomial distribution for each analysis. We did not analyse the
latency to cross the barrier as it was strongly correlated with the latency to arrive at the loudspeaker
zone (Kendall rank correlation test: τ = 0.726, z = 13.776, p < 0.001). For the models examining latency
to arrive at the loudspeaker zone and time spent within one body length of the loudspeaker zone, we
included incubation treatment, chick treatment and their interaction as fixed effects, and accounted for
chick identity and cohort by including them as a nested random effect.

We investigated how incubation treatment and chick treatment affected the latency to emit any
vocalizations since the start of the playback trial, with two separate Kruskal–Wallis tests, correcting
for multiple testing using a Bonferroni correction; the distribution of the residuals precluded fitting of
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mixed models. As we found a significant overall effect of chick treatment, we used pairwise Wilcoxon
tests to investigate how each chick treatment affected the latency to respond vocally. We then investiga-
ted factors affecting the number of distress calls emitted by fitting an LMM. We included the day of
testing, incubation treatment, chick treatment and the interaction between incubation treatment and
chick treatment as fixed effects, and individual identity nested in cohort identity as random effects.
Because chicks emitted far fewer pleasure-note calls than distress calls during our trials, we could
not test whether there was a difference in the number of these vocalizations per treatment. Instead,
we investigated factors affecting the likelihood of chicks to emit pleasure-note calls (i.e. emission of
pleasure-note calls treated as a binary outcome). We fitted a GLMM with a binomial distribution,
including chick treatment, incubation treatment and the day of testing as a predictor variable, and
individual identity nested in cohort identity as random terms. Due to further convergence problems,
we used the ‘bobyqa’ optimizer instead of the default lme4 optimizer [36].

2.5. Social and exploratory behaviour during the later stages of rearing
We set two Raspberry Pi cameras (module V2) 1.6 m above each enclosure, connected to a Raspberry Pi
3B+ on a wooden beam, such that they covered most of the enclosure area. Each Pi was programmed
to record a 1 h video each morning from 06.00 to 07.00 and one high-resolution image at 5 min
intervals between 17.00 and 20.00. On some days, the camera modules got knocked out of place during
husbandry checks, meaning that on those days (until the change in position was detected) not all parts
of an enclosure were visible, these times were excluded for the calculation of social networks.

2.5.1. Contact between chicks within enclosures

From the time-lapse images, we generated weighted proximity networks where each node represented
an individual and each edge represented interactions between individuals. Due to interference of
husbandry care, we omitted the first hour of time-lapse data from further analysis. This left 24 images
per group per day. We considered individuals to be in proximity when they were located within one
body length of one another. To avoid potential bias, data processing was conducted by a student
who was blind to incubation treatment. We used R v. 4.0.3 [33] and igraph [37] for further data
processing and analysis. Specifically, we generated weighted proximity networks for each group using
the association data of the first 14 days of chick rearing (see electronic supplementary material for an
analysis of daily proximity networks). In each network, individuals were represented as nodes and
the edges represented the normalized number of times individuals were within one body length of
each other, calculated as the number of interactions divided by the total number of instances when
all chicks were visible in the images. We normalized the weighted degrees to allow us to compare
networks across groups (i.e. accounting for different numbers of missing images per group due to
knocked cameras or additional husbandry activities). Hence, we only used images when we could
account for all individuals per group. Due to technological problems, we only had data for a total
of 10 groups (six groups with pre-hatching playback and four without pre-hatching playback, n = 60
individuals) to calculate social networks. To test whether chicks from groups that had heard maternal
cluck calls during incubation interacted overall more than chicks that had not heard a playback during
incubation, we fitted an LMM with treatment as the explanatory variable and group as a random term.

2.5.2. Exploratory behaviour between enclosures

Chicks started perching on the wooden barriers within each enclosure at approximately 17 days after
hatching. From the daily video recordings, we noted the timing, duration and identity (ID) of chicks
perching on these barriers. This provided us with a measure of perching activity for each bird. We also
noted when chicks hopped onto the wooden walls separating neighbouring pens and thus out of the
Pi camera’s field of view, as well as when chicks were seen in another group’s enclosure. Chicks could
either hop directly from the enclosure wall into the neighbouring enclosure or they could walk along
this wall onto the tables in the middle of the room and from there to all other enclosures. Whenever a
chick visited another group, classed as the chick standing on the floor or perches of an enclosure that
was not their own, we noted its ID as well as the start and end time of the visit (if it was within the
hour of video observation). This provided us with a measure of each chick’s exploration activity.

To test whether chicks that had heard maternal cluck calls during incubation were more exploratory
than chicks which had been incubated without a playback, we fitted four different GLMMs. As we
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hypothesized that social connectedness within their home enclosure might explain chick perching and
exploratory behaviour, we further tested whether individual weighted degree was correlated with
visiting behaviour. Specifically, we imagined two possibilities: (i) chicks with high individual weighted
degree might be more likely to visit other groups, being overall more social and hence more likely to
seek out additional interactions with audible chicks and (ii) less-connected individuals might be more
likely to perch and hop into other enclosures to avoid interactions with their own group members.
Thus, we included incubation treatment and normalized individual weighted degree as explanatory
variables in each of the GLMMs, as well as group identity nested within cohort identity as random
terms. In the first model, we tested whether chicks that had been incubated hearing the maternal cluck
calls were more likely to perch on the within-enclosure barriers than chicks which had not heard a
playback during incubation, fitting a GLMM with a binomial distribution. In the second model, we
fitted a GLMM controlling for zero inflation and with a negative binomial distribution, to examine
whether chicks with incubation playback perched for longer on within-enclosure barriers than chicks
with no incubation playback. Next, we fitted a binomial GLMM to examine whether chicks with
incubation playback were more likely to hop onto the enclosure walls and out of sight than chicks
incubated without a playback. Finally, to test whether chicks that had heard playbacks before hatching
were more likely to visit other groups, we scored the number of times that chicks were observed in
an enclosure that was not their own and fitted another GLMM controlling for zero inflation, with a
Poisson distribution.

3. Results
3.1 Movement response at 3–5 days to playbacks of maternal calls, chick calls and background

sound
During the postnatal playback trials, chicks in the incubation-call treatment were less likely to explore
the arena and move around the barrier (47 out of 90 trials) compared with chicks with no pre-hatching
sound stimulation (33 out of 99 trials) (GLMM: χ2 = 4.67, d.f. = 1, p = 0.031; figure 2a). This likelihood
of exploring the whole test arena and towards the loudspeaker zone increased on consecutive testing
days (χ2 = 10.61, d.f. = 1, p = 0.001; figure 2a), but was not significantly affected by the playback type
that chicks experienced in the postnatal trial (chick treatment: χ2 = 2.94, d.f. = 2, p = 0.230). Similarly,
there was no significant interaction between chick treatment and incubation treatment (χ2 = 1.17, d.f. =
2, p = 0.558). In addition, the day of testing (χ2 = 0.45, d.f. = 1, p = 0.501), incubation treatment (χ2 = 0.07,
d.f. = 1, p = 0.790), chick treatment (χ2 = 4.46, d.f. = 2, p = 0.107) and their interaction (χ2 = 1.257, d.f. = 2, p
= 0.534) did not significantly affect the arrival time of chicks in the loudspeaker zone.

Chick treatment (GLMM: χ2 = 20.96, d.f. = 2, p < 0.001; figure 2b), but not the day of testing
(χ2 = 0.68, d.f. = 1, p = 0.409), incubation treatment (χ2 = 0.15, d.f. = 1, p = 0.701) or the interaction
between incubation treatment and chick treatment (χ2 = 1.89, d.f. = 2, p = 0.388), had a significant
effect on the time that chicks spent at the loudspeaker zone. Specifically, chicks spent more time
within the loudspeaker zone during cluck-call playbacks than during chick-call playbacks (p = 0.002) or
background-sound playbacks (p = 0.008). This comparison was only done for chicks that went around
the barrier between the release area and the loudspeaker zone.

3.2. Vocal response at 3–5 days to playbacks of maternal calls, chick calls and background sound
Chicks emitted mostly distress calls during the experiment (97.5% of vocalizations) with some
pleasure-note calls (2.5% of vocalizations). Chicks that had been incubated in the incubation-call
treatment did not differ significantly from the incubation-control chicks in their latency to start
vocalizing during playback experiments (chicks with pre-hatching playback: median = 2 s, range =
0−300 s; chicks without pre-hatching playback: median = 1 s, range = 0−300 s; Kruskal–Wallis test: χ2 =
2.30, d.f. = 1, p = 0.259). However, there was a significant effect of chick treatment (χ2 = 10.07, d.f. = 2, p =
0.013; figure 3a), with chicks starting to vocalize later in response to chick calls (median = 26 s, range =
0−300) compared with background sound (median = 1 s, range = 0−300; paired Wilcoxon test: p = 0.010)
and cluck calls (median = 2 s, range = 0−300; p = 0.010). There was no significant difference between the
latency to respond to background sound or cluck calls (p = 0.816).

The number of distress calls emitted by chicks during the playback trials was significantly affected
by the testing day (LMM: χ2 = 21.70, d.f. = 1, p < 0.001; figure 3b), with chicks increasing their call
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rate on consecutive days. There was also a non-significant correlation between distress call rate and
incubation treatment (χ2 = 3.45, d.f. = 1, p = 0.063), with control chicks emitting slightly more calls than
chicks with incubation-call treatment (figure 3b). Chick treatment (χ2 = 1.04, d.f. = 2, p = 0.594) and the
interaction between incubation treatment and chick treatment (χ2 = 0.38, d.f. = 2, p = 0.827) did not
significantly affect the number of distress calls.

In contrast, chick treatment significantly affected the likelihood that pleasure-note calls were
emitted (GLMM: χ2 = 21.13, d.f. = 2, p < 0.001; figure 3c). These calls were mostly elicited during
cluck-call trials rather than during background-sound trials (p < 0.001) or chick-call trials (p < 0.001).
Incubation treatment (χ2 = 0.001, d.f. = 1, p = 0.974) and the day of testing (χ2 = 2.28, d.f. = 1, p = 0.131)
did not significantly affect the likelihood that chicks emitted pleasure-note calls.

3.3. Differences in social interactions and activity within enclosures in response to pre-hatching
playbacks of maternal calls

Groups comprising incubation-call chicks did not differ significantly from those comprising incuba-
tion-control chicks in the amount of time spent within close proximity to conspecifics within the first
two weeks after hatching (normalized weighted degree, LMM: χ2 = 0.26, d.f. = 1, p = 0.62). There
was also no significant difference in the probability that chicks perched on within-enclosure barriers
depending on their social connectedness (GLMM: χ2 = 1.60, d.f. = 1, p = 0.21). Chicks could perch and be
in close proximity to each other, hence these two behaviours were not inherently mutually exclusive.
However, chicks that overall spent more time in close proximity to conspecifics (high weighted degree)
perched on for significantly longer than chicks that overall spent less time in close proximity to
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group members (χ2 = 29.90, d.f. = 1, p < 0.001; figure 4). Furthermore, chicks that had experienced the
incubation-call treatment were slightly more likely than those from the incubation-control treatment
to perch on within-enclosure barriers (χ2 = 4.06, d.f. = 1, p = 0.04; figure 5a). We also found a non-signifi-
cant trend for incubation-call birds to spend slightly more time perching on within-enclosure barriers
than incubation-control birds (χ2 = 3.35, d.f. = 1, p = 0.07; figure 5b).

There was a nonsignificant trend for chicks in the incubation-call treatment to be more likely to
hop onto enclosure walls than those from the incubation-control treatment to hop onto enclosure walls
(GLMM: χ2 = 3.42, d.f. = 1, p = 0.06; figure 5c). Chicks that had experienced the incubation-call treatment
entered another group’s enclosure on average three times more frequently than chicks that did not
hear a playback during incubation (χ2 = 10.48, d.f. = 1, p < 0.001; figure 5d). More specifically, 16 out of
36 chicks with pre-hatching playback visited another group on average three times (range 1−6 times)
while only three out of 36 chicks without pre-hatching playback visited another group, and did so only
once on average within the 1 h observation period. This pattern of leaving or visiting other enclosures
was not predicted by measures of sociality within an enclosure, with no significant effect of individual
normalized weighted degree on the probability to perch on enclosure walls (χ2 = 0.69, d.f. = 1, p= 0.41)
or the probability to visit another group (χ2 = 2.04, d.f. = 1, p = 0.15).

4. Discussion
Our findings indicate that exposure to maternal cluck calls during the last week prior to hatching
affected some variables, but not others, for traits related to movement, vocal behaviour and growth
during the first three weeks after hatching. Incubation-call chicks were less likely to explore a novel
arena at 3−5 days old but appeared overall slightly more prone to perch on within-enclosure barriers
and enclosure walls. This increased exploration of the environment may explain why, by around 17
days old, the incubation-call chicks were more than three times more likely to visit another enclosure
than incubation-control chicks. Incubation-call chicks tended to emit fewer distress calls than incuba-
tion-control chicks and at least in the laying line grew slower than control chicks. Our findings are
broadly consistent with previous work demonstrating how in ovo soundscapes alter post-hatching
behaviour of domestic chicks [27,38] and other species [7,18,39] and highlight that the impact of such
experiences may change with context.

Our data provide insights into how exposure to maternal calls before hatching affects post-hatching
behaviour. We believe that the chicks treated the playbacks at age 3−5 days as biologically relevant
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because, regardless of incubation treatment, they spent more time within the loudspeaker zone when
the loudspeaker was playing maternal calls than when it played chick calls or background sound.
This was the case even though all chicks had experienced their own and the vocalizations of 35 other
chicks (chick calls) throughout the 2 days prior to the first postnatal trial. Thus, if chicks were simply
responding to calls with which they had prior experience, we would expect as strong a response to
chick calls as to maternal calls.

In our study, all chicks took longer to start vocalizing when they could hear the calls of other chicks
compared with maternal calls or background sound. One possible explanation for this difference
might be the habituation of our chicks to ‘chick calls’. Our chicks were housed in a single room
with little sound insulation between the different enclosures for two days after hatching and before
the start of the experimental trials. Hence, chicks had pre-exposure to conspecific sound from visible
(own group) and invisible sources (i.e. from neighbouring groups) and this repeated exposure over
time may have made them less responsive to chick calls during the playback trials. In contrast, we
do not believe that chicks had the same opportunity to habituate to the background sound played
during the playback experiment trials, even though the original sound was recorded within the same
laboratory environment (the ventilation system). This is because the background sound in the trials
was non-continuous and interrupted to mimic chick-calling behaviour. An alternative explanation is
that because chicks were used to the acoustic and physical presence of other chicks (in the two days
prior to the experiment), they anticipated other chicks being physically present. Thus, they would be
less likely to start distress calling, starting only once they realized that no other birds were actually
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present. Similarly, the absence of chick calls would make them more likely to produce distress calls,
regardless of other sounds being played.

Our results suggest that pre-hatching exposure to maternal cluck calls altered the propensity
to move and perhaps explore the environment when young. Soon after hatching, and in a novel
and likely stressful environment (isolated in the test arena), incubation-call birds were less likely to
move and explore, even when calls that might be attractive or even comforting (maternal clucks)
could be heard. Chicks, therefore, might be showing higher emotional reactivity and experience our
open-field setup as a high-risk environment, where the safest option is to freeze and thus not draw
attention from potential predators. This is in line with previous work, suggesting that prenatal acoustic
stimulation prompts the general maturation of the auditory system and normal social responses, such
that post-hatching chicks respond more accurately to different call types and contexts after hatching
[18–21]. By moving away from the release area, chicks might instead try to reinstate social contact
with conspecifics. This is also in line with our result, that chicks were more likely to explore the test
arena on consecutive testing days, compared with the first day, when the test arena was a totally new
environment.

Chicks were also more likely to emit distress calls on consecutive testing days. While distress calls
have been shown to be a good indicator of individual stress in domestic chicken chicks with those
giving fewer such calls being considered to be less stressed [28,29], they also are an appropriate
response by chicks that have become lost, and try to get into contact with their mother. Thus, higher
distress call rates on consecutive testing days indicate that the chicks were either more stressed and/or
more inclined to reinstate social contact with their conspecifics, which they had spent more time
with, in the interim period. In our study, we found no significant difference in the distress-call rate
between incubation-call and incubation-control chicks, indicating no difference in the social motivation
of chicks depending on incubation treatment. By approximately 14 days, incubation-call birds spent
slightly more time exploring their home environment and perching on raised barriers within their
home enclosures. In addition, a few days later they were significantly more likely to leave their home
environment and enter novel enclosures than incubation-control birds. In these later-life conditions,
there was no exposure to maternal calls that could have acted as attractants, so we conclude that the
pre-hatching exposure altered more general behavioural activity, specifically exploratory propensity,
rather than priming the birds to seek out or respond to those specific calls.

Exposure to maternal calls before hatching does not appear to prime chicks to be inherently more or
less likely to generally seek out social partners. During the arena test at 3−5 days old, incubation-call
chicks were less likely than incubation-control chicks to approach the loudspeaker at all, but this was
regardless of whether it was playing conspecific calls or background noise, so we cannot conclude that
the difference was motivated by differences in social affinity. Between 1 and 14 days, within enclosures
and before chicks started to move between them, incubation-call and incubation-control chicks did
not differ in the amount of close contact with other group members. This suggests that when offered
the same opportunities to associate with enclosure mates, the pre-hatching sound environment did
not alter the likelihood of chicks to maintain close proximity to conspecifics. However, we did not
analyse differences in specific affiliative or agonistic interaction between incubation treatments and it is
possible that such differences may exist.

Our work provides further evidence for the effects of prenatal sound exposure, and the lack thereof,
on the postnatal behaviour of birds [4,40]. At least in some breeds of domestic chicken, prenatal
exposure to maternal calls can affect movement, exploratory behaviour and individual growth after
hatching. We cannot determine whether the absence of an effect of prenatal acoustic experience on
growth in the second cohort was because of the different breed, or because the effect of sex could
not be included due to a lack of phenotypic sex markers. Given that sex interacted with incubation
treatment for some morphological traits in the first cohort, combining the data together might lead
to the effect being masked. Thus, effects on growth may or may not be present, and potentially
differ between both sexes and breeds. Our study shows that chicks respond according to context
and age, with incubation-call chicks showing less exploratory behaviour when on their own in an
open-field environment at age 3–5 days, and more exploratory behaviour at 17–21 days when in a
safe environment surrounded by conspecifics, than chicks with no sound stimulation before hatching.
This means that such post-hatching effects of pre-hatching acoustic experiences may be more nuanced
and context-dependent (and/or age-dependent) than previously understood. Importantly, in our study,
the incubation-control condition (no playback and hence only incubator noise) is more abnormal from
an evolutionary point of view, as in the wild, chicks would naturally be incubated by their mother,
thus being exposed to her vocalizations and no incubator noise. Rather than the incubation-treatment
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chicks being stimulated, the control chicks were deprived of stimulation, which is expected to cause
developmental effects [41].

While our work contributes to a growing body of evidence that early-life sound exposure can
affect later behaviour over the relatively short term [7,15,21,39], we still know little about the ultimate
function and longer term consequences of early-life sound exposure (but see [14]). The acquisition
of information from the environment by developing embryos is probably widespread in the animal
kingdom, with embryos probably using a range of sensory modalities to gain information about their
current or future environments. Thus, we recommend further research into the effects of early-life
soundscapes on later-life behaviour across multiple contexts, considering both short- and long-term
consequences.
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