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Climate change is pushing organisms closer to their physiological limits. Animals
can reduce heat exposure – and the associated risks of lethal hyperthermia and
dehydration – by retreating into thermal refuges. Refuge use nonetheless reduces
foraging and reproductive activities, and thereby potentially fitness. Behavioural
responses to heat thus define the selection pressures to which individuals are exposed.
However, whether and why such behavioural responses vary between individuals
remains largely unknown. Here, we tested whether early-life experience generates inter-
individual differences in behavioural responses to heat at adulthood. In the arid-adapted
zebra finch, parents incubating at high temperatures emit “heat-calls,” which adaptively
alter offspring growth. We experimentally manipulated individual early life acoustic and
thermal experience. At adulthood, across two summers, we then repeatedly recorded
individual panting behaviour, microsite use, activity (N = 2,402 observations for 184
birds), and (for a small subset, N = 23 birds) body temperature, over a gradient of
air temperatures (26–38◦C), in outdoor aviaries. We found consistent inter-individual
variation in behavioural thermoregulation, and show for the first time in endotherms
that early-life experience contributes to such variation. Birds exposed prenatally to
heat-calls started panting at lower temperatures than controls but panted less at
high temperatures. It is possible that this corresponds to a heat-regulation strategy
to improve water saving at high temperature extremes, and/or, allow maintaining high
activity levels, since heat-call birds were also more active across the temperature
gradient. In addition, microsite use varied with the interaction between early acoustic
and thermal experiences, control-call birds from cooler nests using the cooler microsite
more than their hot-nest counterparts, whereas the opposite pattern was observed
in heat-call birds. Overall, our study demonstrates that a prenatal acoustic signal of
heat alters how individuals adjust behaviourally to thermal challenges at adulthood. This
suggests that there is scope for selection pressures to act differently across individuals,
and potentially strengthen the long-term fitness impact of early-life effects.

Keywords: behavioural flexibility, reaction norm, developmental plasticity, trade-off, heat dissipation, heat
tolerance
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INTRODUCTION

Global temperatures are increasing at an unprecedented rate,
and heatwaves are becoming more frequent and longer (IPCC,
2014). Climate change is transforming ecosystems across the
globe and pushing organisms beyond their physiological limits
(Conradie et al., 2019, 2020; McKechnie and Wolf, 2019; Stillman,
2019), fuelling population declines across taxa (Dirzo et al.,
2014; Urban, 2015; Riddell et al., 2019; Rosenberg et al., 2019).
Among endotherms, birds may be particularly at risk, due to
their relatively small size and diurnal activity. In the short-term,
extreme heat exposes organisms to an immediate risk of lethal
dehydration and hyperthermia (McKechnie and Wolf, 2010;
Albright et al., 2017), which has caused mass-mortality events,
including in birds and bats (Welbergen et al., 2008; McKechnie
et al., 2012, 2021). In the longer-term, high temperatures can
impose important fitness costs through effects on reproduction
and body condition (Cunningham et al., 2021; Oswald et al.,
2021). Such selection pressures from high temperatures are
exacerbated under climate change.

Yet, at any one place in time, selection by high temperatures
does not operate equally across individuals. This is because
individuals respond behaviourally to thermal challenges (Smit
et al., 2016; Xie et al., 2017; Thompson et al., 2018; Pattinson
et al., 2020). To avoid lethal hyperthermia, birds rely on
thermoregulatory behaviours, such as panting, to dissipate
heat. Panting allows dissipating excess heat through respiratory
evaporative water loss (EWL) (Calder and King, 1974; Wolf
and Walsberg, 1996; McKechnie and Wolf, 2019). Panting must
thus be traded-off against water loss, and lethal dehydration
risk. Importantly, however, organisms can considerably buffer
their exposure to heat, by seeking thermal refuge into cooler
microsites (Cunningham et al., 2015; Martin et al., 2015; Oswald
et al., 2019). For instance, in rufous-eared warblers (Malcorus
pectoralis), the environmental temperature in shaded off-ground
microsites was up to 20◦C cooler than sun-exposed sites on
the ground, and individuals increased the time spent in these
shaded microsites by 131% on hot days (Pattinson and Smit,
2017). However, microsite use physically constrains activity and
foraging (Tieleman and Williams, 2002; Cunningham et al.,
2015), with potential carry-over effects on body condition (du
Plessis et al., 2012; van de Ven et al., 2019; Oswald et al., 2021)
and breeding success (Nilsson and Nord, 2018; Sharpe et al., 2019;
Cook et al., 2020; van de Ven et al., 2020). Behavioural responses
to heat are therefore essential, because they define the selection
pressures individuals are exposed to, and the life-history traits
affected by selection. Surprisingly however, whether behavioural
thermoregulation varies between individuals and the sources of
such variation remain largely unknown.

Studies on passerines have increasingly revealed intra-specific
variation in thermoregulation and heat tolerance between
seasons (Noakes et al., 2016a; Oswald et al., 2018b), years
(Noakes and McKechnie, 2019) and populations (Smit et al.,
2013; Noakes et al., 2016b), following acclimatisation patterns
to different climatic conditions. For inter-individual variation,
however, we are aware of only two studies on behavioural
thermoregulation. The onset of panting behaviour in zebra
finches (Taeniopygia guttata) exposed to a standard increase

in air temperature (Tair) in a metabolic chamber is repeatable
within individuals, but varies considerably between individuals,
with some individuals starting panting at 27◦C, while others
do not pant until air temperature reaches 40◦C (Pessato et al.,
2020). This suggests that individuals may consistently vary
in their thermoregulation strategies. In addition, in African
passerines, microsite use varies with social status (Cunningham
et al., 2017): dominant individuals used shaded sites more
than subordinates in the territorial fawn-coloured lark (Mirafra
africanoides) and the loosely social red-eyed bulbul (Pycnonotus
nigricans), but not in the colonial sociable weaver (Philetairus
socius) (Cunningham et al., 2017).

Such inter-individual variation in behavioural
thermoregulation at adulthood may arise from the long-
lasting effects of developmental conditions on phenotypes (i.e.,
developmental programming) (West-Eberhard, 2003; Durant
et al., 2013; Groothuis et al., 2019). Surprisingly this has, to date,
only been tested in ectotherms, where incubation temperatures
affect thermoregulatory behaviours later in life, such as time
spent basking or temperature selection (i.e., microsite preference)
(reviewed in Refsnider et al., 2019). In endotherms, and
specifically in birds, it was recently suggested that developmental
programming for high temperatures may occur through prenatal
acoustic communication (Mariette and Buchanan, 2016), as
prenatal sounds adaptively alter development in a range of
vertebrate and invertebrate species (Mariette and Buchanan,
2016; Noguera and Velando, 2019; Mariette et al., 2021). Notably,
in the arid-adapted zebra finch, embryonic exposure to “heat-
calls,” emitted by parents incubating at high temperatures, affects
nestling growth under high postnatal nest temperatures, with
positive effects on reproductive fitness at adulthood (Mariette
and Buchanan, 2016). In addition, such prenatal heat-call
exposure shifted thermal preferences in males, which preferred
breeding in hotter nest sites than males exposed to control calls
(Mariette and Buchanan, 2016). While this suggests long-term
behavioural changes, we do not know whether prenatal acoustic
signals could also affect individual behavioural responses to
heat, and thereby modulate the selective pressures operating on
these two phenotypes.

Here, we investigated whether individuals differ in their
behavioural responses to heat at adulthood, and whether early
acoustic and thermal experience contributes to this variation.
We tested these hypotheses in adult male and female zebra
finches from two replicate experiments, where individuals were
prenatally exposed to heat-calls or control-calls in artificial
incubators, and then reared under different postnatal nest
temperatures. In addition to this experimental cohort (Cexp),
we used a small unmanipulated control cohort (Ccont), to
verify that inter-individual variation at adulthood also occurs
when developmental conditions are not experimentally altered.
Then, across two successive summers, we repeatedly recorded
individual panting behaviour, microsite use and activity levels,
along a gradient of air temperatures (25.8–37.6◦C) in outdoor
aviaries. We also simultaneously recorded the body temperature
(Tb) of a small subgroup, while behaving freely in the aviaries.
We predicted that (1) behavioural responses to heat consistently
vary between individuals in both cohorts, and (2) that this
variation partly arises from early acoustic and thermal experience
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(tested in Cexp). Specifically, we expected birds exposed to heat-
calls and/or reared in hot nests to be better adapted to high
temperatures and therefore to: i) pant less, ii) spend less time
in cooler microsites, and iii) remain more active, particularly at
high temperatures.

MATERIALS AND METHODS

Experimental Subjects
We carried out the experiment at Deakin University, Geelong,
Australia, during austral summers 2017–2018 and 2018–2019. In
total, 214 wild-derived zebra finch adults (i.e., born in captivity
but 10 to 12th generation descendants of wild individuals from
Northern Victoria), were observed, while behaving freely in
outdoor aviaries.

For the control cohort, Ccont , developmental conditions were
not experimentally manipulated; individuals (N = 30 birds) were
incubated and raised by their parents breeding in nest boxes
in outdoor aviaries. Birds in the experimental cohorts, Cexp,
were obtained from two playback experiments: one original
experiment conducted in 2014 (Mariette and Buchanan, 2016)
(N = 55 birds), and a replicate experiment conducted in 2017
(N = 129 birds). For both replicates, eggs were collected on
laying day and replaced with dummy eggs. Freshly collected
eggs were incubated in a main incubator at 37.5◦C and 60%
humidity. After 9 days, they were transferred to one of the two
experimental incubators for the last 4–5 days of incubation.
In each incubator, two speakers (Sennheiser HD439) externally
connected to an amplifier (Digitech 18W) and an audio player
(Zoom H4nSP) broadcast a playback of either contact calls
(control) or heat-calls (treatment). Both call types are produced
naturally by incubating parents, either when communicating
with their partner or when experiencing heat, respectively. In
addition, to allow normal stimulation of the auditory system,
both playbacks also included whine calls, also produced by
parents in the nest and characterised by a complex acoustic
structure. The prenatal playbacks were played daily, from 9:30 to
18:30 (averaging 16 min of control- or heat- call per hour), until
hatching. Eggs and sound cards were swapped daily between the
two experimental incubators to prevent any incubator-specific
effect. Further methodological details are provided in Mariette
and Buchanan (2016).

Upon hatching, nestlings were identified (by clipping head
down feathers) and returned to their parents or foster parents
in nest boxes in outdoor aviaries. For the original experiment
(Mariette and Buchanan, 2016), natural temperature variation
caused by different sun exposure throughout the day resulted
in a gradient of warm to hot nest-boxes [i.e., 3–6◦C above air
temperature during daytime (11:00–17:30)]. For the replicate
experiment, nest temperatures were manipulated from hatching
to 14 days post-hatch (dph) to obtain a larger gradient of
temperatures (i.e., 1 to 8◦C above daytime Tair). Specifically,
we increased temperature in hot nests (N = 68) using a
heat pad (Medi Heat Pack R©) under the nest-box roof (when
Tair < 30◦C) and a second (Hotteeze R©) at the back of the nest
(when Tair < 25◦C). We maintained some other nests cool
(N = 54) using shading cloth, as well as a cool pad under the

roof (when Tair > 25◦C). For each brood, we calculated the
average nest temperature above Tair (here shortened to “nest
temperature differential,” Td−nest), between 2 and 14 dph, as the
average difference between the maximal daily nest temperature
and the maximal daily air temperature [Bureau of Meteorology
data, details in Section “Air Temperature (Tair)”]. As in Mariette
and Buchanan (2016), this nest temperature differential better
represents the thermal microenvironment experienced during
development, compared to raw nest temperatures.

Behavioural Observations
Each aviary included 3 top perches, at the front and back of the
aviary, and a hanging feeder. The floor was made of concrete.
Bird location was recorded as “perches” (i.e., perching on the
perches or feeder) or “floor.” Both the perches and the floor below
were in partial shade under a translucid fibreglass roof during the
observations, but the floor was always at least 3.5◦C cooler than
the perches (see results). The perches and floor were therefore
considered as two distinct microsites.

Individuals from Ccont were observed only during the
first summer, and those from Cexp during both summers.
Observations occurred on “hot days,” forecasted to exceed 26◦C,
corresponding to the minimum air temperature (i.e., minimum
29–32◦C in the nest) at which heat-calls are produced by
incubating parents in this population (Mariette and Buchanan,
2016). There were 10 days of observation in the first summer,
between 18-Oct-2017 and 7-Feb-2018, and 9 days in the
second summer, between 7-Dec-2018 and 2-Feb-2019. These
observations were conducted during the hottest time of the day
(between 11:00 and 17:00) when Tair exceeded 26◦C (range:
25.8–37.6◦C).

In total, we collected data during 40 “observation sessions”
distributed across the 19 hot days, with 1 to 4 observation
sessions per day. For each observation session, all aviaries
were observed, in random order, for 10–20 min each. Within
aviaries, we aimed to sight each individual once per session,
in random order, to record their identity, behaviour, panting
and location during 30 s of focal observation per bird.
In total, we collected N = 2,654 individual observations
(mean = 12.4 observations per individual), including N = 1743
and N = 911 individual observations in the first and second
year respectively. Observations were made from 3 to 6 metres
away, in a shaded corridor behind the aviary wire mesh,
where birds are accustomed to human presence. Nonetheless,
observations started after 15 minutes of habituation to the
observer presence. Observers were blind to which treatment
individual birds belonged.

For each individual observation, we recorded the bird identity,
location, and behaviour (presence/absence) as follows: panting
(bill open for > 5 s), perching (standing stationary on a
perch), resting (crouching and/or closing eyes), hopping (short
movements on or between close perches, or on the floor), flying
(between front and back of the aviary, or to/from the floor), eating
(pecking seeds in the feeder or on the floor), singing/calling
(as indicated by sound, posture and throat movements). To
obtain individual activity state (thereafter “activity”), behaviours
were classified as either active (i.e., hopping, flying, eating or
singing/calling) or inactive (perching or resting).
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Predictor Variables for Temperature and
Time During Observations
Air Temperature (Tair )
Atmospheric air temperature (Tair) every 30 min was provided
by the Australian Bureau of Meteorology (BOM), from the
Breakwater Geelong Racecourse station, 6.7 km from the aviaries
(station number 87184, latitude: −38.1737, longitude: 144.3765,
elevation above sea level: 12.9 m).

Microsite Temperature (Tloc)
We recorded the environmental temperature at the perches
(Tperch) and 5 cm above the floor (Tfloor) using temperature data
loggers (Minnow-1.0TH, Senonics), in six of the ten aviaries
(placed in alternate aviaries due to the limited number of
loggers). This environmental temperature allows estimating the
conditions experienced by the birds, with the integration of
Tair with wind, solar and reflecting radiation (Cunningham
et al., 2021). Temperature recordings (total N = 5502 at
one-minute intervals) occurred on three sunny days (30-Oct-
2018; 7 and 12-Dec-2018) between 11:00 and 17:00, with one
thermometer on the floor and two on perches in each of three
aviaries per day.

Across thermometer deployment days, the difference between
Tperch and Tair (i.e., BOM data) increased linearly with air
temperature. We therefore use the equation from this linear
regression of Tperch over Tair to obtain the Tperch experienced
by birds at any one time during observation days. Likewise, as
the temperature differential between Tperch and Tfloor decreased
linearly with Tair , we used that linear regression to calculate the
temperature differential during observations, and then subtracted
it from Tperch (calculated above) to determine Tfloor .

Body Temperature (Tb)
A subset of individuals (N = 23) from Cexp were equipped
with a passive integrated transponder (PIT) tag (Biomark, Boise,
United States), implanted subcutaneously in the flank. For small
birds (∼15 g), subcutaneous tags allow measuring the body
temperature (Tb) as accurately as intra-peritoneal tags (Oswald
et al., 2018a). In the aviaries, Tb was detected every 20 seconds
by two PIT tag antennas (HPR plus, Biomark), placed next to
the perches, during the six days of observations that occurred
between 07-Dec-2018 and 17-Jan-2019 (N = 331 readings).
We calculated the average Tb of each individual during the
behavioural observation (using Tb values obtained within 5 min
of each individual observation). Within sessions, there were
3.72 ± 0.44 Tb values on average per individual observation, and
an individual Tb varied by 0.42± 0.07◦C on average.

Time of Day
Because air temperature varied predictably throughout the day
(Figure 1), to investigate time-of-day effects independently of
Tair , we used time-of-day as a two-level variable, split at 2 pm
when Tair typically plateaus. The two levels were thus: “midday”
(11:00–14:00, ascending temperature phase, mean Tair = 32.38◦C,
N = 103 sessions), and “afternoon” (14:00–17:00, descending
phase, 32.41◦C, N = 79 sessions).

FIGURE 1 | Air temperature (Tair ) recorded during observations. Open grey
circles represent Tair at the time each aviary observation started (N = 184). To
display the overall trend, closed black circles with error bars show hourly
means (±SE). The dashed line at 14 h delimitates the two levels (midday and
afternoon) for the Time-of-day predictor.

Statistical Analyses
Analyses were performed separately on the unmanipulated
cohort Ccont (without early-life predictors; N = 30 birds) on the
one hand, and on the manipulated birds from Cexp (from the
two replicate experiments; N = 184 birds) on the other hand,
including playback and nest temperature as early-life predictors.

All statistical analyses were performed using R (version 4.0.1)
via RStudio (RStudio Team, 2021). All models were fitted
using the package lme4 (Bates et al., 2021) and continuous
predictors were normalised using the scale function, to facilitate
estimate interpretation. Full model outputs are presented in
the Supplementary Material (Supplementary Tables 1–3). We
obtained the reduced models following a backward stepwise
procedure, removing non-significant fixed factors, starting with
interactions, until only significant or marginal (p < 0.07)
terms remained (Crawley, 2012). We then used the Akaike’s
Information Criterion corrected for small sample sizes (AICc)
to confirm the reduced models were the most parsimonious
(i.e., lowest AICc).

Plasticity and Repeatability of Behaviour
The following analyses were restricted to individuals (N = 103)
observed more than 10 times in total in Cexp, or more than 5 times
in Ccont (N = 23), to ensure repeated observations per individual
across the temperature range.

We tested whether panting response to microsite temperature
at the cohort level was driven by between- and/or within-
individual differences, following the method by van de Pol and
Wright (2009) (used in e.g., Dingemanse et al., 2012; Hidalgo
Aranzamendi et al., 2019). We used within-individual centering,
to obtain two distinct predictors: between- and within-individual
variation components. The “between-individual component” was
calculated as the individual mean (i.e., average Tloc experienced
by each individual across all its observations). The “within-
individual component” was calculated, for each of an individual’s
observations, as the deviation from this individual mean (by
subtracting individuals’ average Tloc from each of their observed
Tloc). We ran an initial binomial generalised linear mixed model
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(GLMM), fitting panting behaviour as the response variable, and
both the between- and within-individual components calculated
above as predictors. Then, to test whether between- and within-
individual variation differed significantly from each other, we
ran a second GLMM including panting as the response variable
and, as fixed effects, the within-individual component calculated
above, and a predictor for the difference between the between-
and within-individual effects (actually corresponding to Tloc in
this model) (van de Pol and Wright, 2009).

Then, we tested for between-individual differences in the
intercept (i.e., elevation) and slopes (i.e., plasticity) of the reaction
norm of panting response to Tloc (Dingemanse et al., 2010).
We fitted random regression models, including panting as the
response variable, and the fixed effects as described below in
full models (i.e., Ccont : Tloc, time-of-day, and sex; Cexp: Tloc,
time-of-day, sex, prenatal playback (heat-calls or control-calls),
nest temperature differential (Td−nest), and playback by Tloc
and playback by Td−nest interactions). We included a random

TABLE 1 | Parameter estimates and 95% confidence intervals (CIs) of binomial generalised linear mixed models (GLMMs) using within-individual centering for panting
behaviour, microsite use, and activity, in the control (Ccont; N = 226 observations for 23 birds observed > 5 times) and experimental cohorts (Cexp; N = 1,929
observations for 103 birds observed > 10 times).

Response
variable

Cohort Fixed effect Est. Lower 95% CI Upper 95% CI p-value

Panting Ccont Test within- and between-individual variation components

Intercept −28.96 −46.76 −12.63 <0.001

Within-individual Tloc 0.37 0.22 0.54 <0.001

Between-individual Tloc 0.77 0.33 1.25 0.001

Test difference between within- and between-individual components

Intercept −28.96 −46.76 −12.63 <0.001

Within-individual Tloc 0.37 0.22 0.54 <0.001

Variance component difference 0.39 −0.06 0.87 0.100

Cexp Test within- and between-individual variation components

Intercept −23.51 −31.08 −16.07 <0.001

Within-individual Tloc 0.38 0.32 0.44 <0.001

Between-individual Tloc 0.62 0.41 0.82 <0.001

Test difference between within- and between-individual components

Intercept −23.51 −31.08 −16.07 <0.001

Within-individual Tloc 0.38 0.32 0.44 <0.001

Variance component difference 0.24 0.03 0.45 0.023

Microsite use Ccont Test within- and between-individual variation components

Intercept −19.55 −38.76 −1.60 0.038

Within-individual Tloc 0.42 0.24 0.63 <0.001

Between-individual Tloc 0.53 −0.02 1.11 0.065

Test difference between within- and between-individual components

Intercept −19.55 −38.76 −1.60 0.038

Within-individual Tloc 0.42 0.24 0.63 <0.001

Variance component difference 0.11 −0.46 0.70 0.704

Cexp Test within- and between-individual variation components

Intercept −21.01 −28.70 −13.40 <0.001

Within-individual Tloc 0.43 0.37 0.50 <0.001

Between-individual Tloc 0.57 0.34 0.81 <0.001

Test difference between within- and between-individual components

Intercept −21.01 −28.70 −13.40 <0.001

Within-individual Tloc 0.43 0.37 0.50 <0.001

Variance component difference 0.14 −0.10 0.38 0.242

Activity Ccont Test within- and between-individual variation components

Intercept 4.05 −11.12 19.01 0.595

Within-individual Tloc −0.00 −0.15 0.15 0.989

Between-individual Tloc −0.13 −0.54 0.27 0.514

Cexp Test within- and between-individual variation components

Intercept 3.12 −4.47 10.67 0.419

Within-individual Tloc 0.03 −0.03 0.09 0.339

Between-individual Tloc −0.12 −0.32 0.09 0.265

Bold indicates significant effects.
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FIGURE 2 | Individual panting responses to Tloc in (A) the control cohort (Ccont, N birds = 23) and (B) the experimental cohort (Cexp) for birds exposed prenatally to
control-calls (N = 59) or heat-calls (N = 44). Only birds observed > 5 times (A) or > 10 times (B) are included, to increase reaction norm accuracy. Individual
responses are represented by the grey regression lines and the group average response by the black line.

intercept for date and, for bird identity (bird-ID), either a random
intercept and slope, an intercept only, or no random effect. We
used likelihood ratio tests (LRTs) to test the significance of the
random terms. To test whether between-individual differences
varied between the two playback groups, we also ran separate

TABLE 2 | Output of reduced binomial generalised linear mixed models (GLMMs)
in the control cohort (Ccont ), not subject to experimental procedures in early life.

Response
variable

Fixed effects Est. SE z p-value

Microsite as response to Tair
1

Intercept −2.51 0.38 −6.67 <0.001

Tair 1.27 0.32 3.98 <0.001

Panting as response to Tair
2

Intercept −0.33 0.44 −0.74 0.460

Tair 0.73 0.38 1.93 0.053

microsite (floor) −4.03 0.82 −4.90 <0.001

as response to Tloc
3

Intercept −0.32 0.50 −0.64 0.524

Tloc 1.52 0.31 4.87 <0.001

time (afternoon) −1.03 0.40 −2.58 0.010

Activity as response to Tair
2

Intercept −1.22 0.29 −4.21 <0.001

microsite (floor) 0.90 0.43 2.08 0.037

as response to Tloc
3

Intercept −1.37 0.34 −4.03 <0.001

time (afternoon) 0.54 0.34 1.61 0.109

Outputs for microsite use, panting behaviour and activity, as a response to either
air temperature (Tair ) or microsite temperature (Tloc), with also sex, time of day and
microsite as additional predictors. Nobs = 252 for 30 birds.
1Full model: microsite ∼ sex + time + Tair + (1| bird-ID) + (1| date).
2Full model: response ∼ microsite + Tair + microsite × Tair + (1| bird-
ID) + (1| date).
3Full model: response ∼ sex + Tloc + time + (1| bird-ID) + (1| date).
Significant effects are indicated in bold font.

models for birds exposed to control- or heat-calls. Since not all
individuals were observed in all sessions, there was variation in
the number of observations per individual (Ccont : mean = 10.66,
range = 6–17; Cexp: mean = 22.79, range = 11–47) and the
range of temperatures at which each individual was observed
(Ccont : min Tloc range = 2.8◦C, max Tloc range = 10.71◦C;
Cexp: min range = 3.37◦C; max range = 10.58◦C). We used
simulated datasets to demonstrate that this sampling design was
not creating spurious inter-individual variation, nor masking
variation (see results and Supplementary Material, Figure 1). As
we found variation in intercept but not slope for bird identity (see
section “Results”), all models below included date and bird-ID as
random intercepts (unless otherwise specified).

For microsite use and activity, we also applied the within-
individual centering method described above to test for between-
and/or within-individual differences in microsite use across air
temperature (Tair), and activity across Tloc.

Microsite Use
To test how the birds used the microsites, in Ccont , we ran
binomial GLMMs with microsite (floor or perches) as a response
variable and Tair , time-of-day and sex as fixed factors. For Cexp,
we added as fixed factors the prenatal playback (heat-calls or
control-calls), nest temperature differential (Td−nest) and the
two-way interactions between playback and temperature during
observation (Tair) or development (Td−nest).

Panting Behaviour and Activity
For each of the two cohorts, we ran two binomial GLMMs, with
either panting or activity as a response variable. First, we assessed
how panting or activity varied with microsite, Tair , and their
interaction, in both cohorts. Then, because microsites differed in
temperature (by 4.9◦C on average), to test how birds responded
to the actual temperature they were experiencing at their location
in the aviary, we ran another two models per cohort (for panting
and activity respectively) using Tloc instead of Tair . For Ccont , we
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used Tloc, time-of-day and sex as predictors. For Cexp, as above,
we added as predictors the prenatal playback, Td−nest and the
two-way interactions between playback and Tloc, playback and
Td−nest , and, Td−nest and Tloc. Using a three-level variable for
activity (resting, perching, active) in a Cumulative link mixed
model [CLMM; package ordinal, (Christensen, 2019)] led to the
same results as using the binomial GLMM; therefore only the
latter is presented.

Body Temperature
To establish whether, at moderate microsite temperature (Tloc),
panting is indicative of a lesser ability to maintain low Tb, or
instead reflects a higher investment in respiratory evaporative
water loss to prevent Tb rise, we assessed variation in Tb
in a subset of birds equipped with thermosensitive PIT tags
(N = 23). We ran a GLMM with Tb as a response variable,
and Tloc, panting (absence/presence) and their interaction as
predictors, including bird-ID as a random intercept and using a
Gamma distribution and a log-link function. We did not include
observation date (N = 6 days) as a random effect, due to extremely
low variance. To allow meaningful interpretation, we restricted
this analysis to when Tloc < minimal Tb (i.e., 40◦C). Sample
sizes were insufficient to also investigate Tb at Tloc > 40◦C.
Data was transformed by subtracting the minimal Tb in the
dataset from all Tb values and adding a constant of 1 to keep
only meaningful variation and obtaining positive values to fit the
Gamma distribution.

RESULTS

Plasticity and Repeatability of Behaviour
In both control (Ccont) and experimental (Cexp) cohorts, the
panting response to microsite temperature (Tloc) was due to
both phenotypic differences between individuals and behavioural
flexibility within individuals. Specifically, some individuals
consistently panted more than others (between-individual
component, Table 1), and, each individual also panted more
when Tloc increased (within-individual component, Table 1). The
variation between individuals was significantly larger than that
within, in Cexp, but not in Ccont (differences between variation
components, Table 1).

Individuals differed significantly in the intercept of their
panting response (i.e., elevation) but not in the reaction
norm slope (Figure 2). This indicates that individuals varied
in the temperature threshold at which they started panting,
but generally not in how panting increased with temperature
past that threshold. This was true in both Ccont (Figure 2A;
LRTs: elevation, χ2 = 7.63, p = 0.006; slope: χ2 = 4.72,
p = 0.094) and Cexp (LRTs: elevation, χ2 = 80.50, p < 0.001;
slope: χ2 = 1.07, p = 0.586), including when control- and
heat-call birds were considered separately: intercepts varied
in both playback groups (LRTs: χ2 = 35.51, p < 0.001 and
χ2 = 42.69, p < 0.001 respectively) but control-call birds
were remarkably consistent in slope (Figure 2B, χ2 = 0.06,
p = 0.968) while heat-call birds showed slightly more variation,
even though non-significant (Figure 2B; χ2 = 2.57, p = 0.277).

Our sample size and sampling design, including within playback
groups, were nonetheless suitable to detect inter-individual
variation in slope, had it been stronger (see simulations in
Supplementary Material).

Similarly, for microsite use, variation in response to air
temperature (Tair) was explained by the combination of inter-
individual phenotypic differences (although only marginally in
Ccont) and within-individual behavioural flexibility (Table 1).

TABLE 3 | Output of reduced binomial GLMMs in the experimental cohort (Cexp),
subject to experimental manipulation of prenatal playback (control-calls or
heat-calls) and postnatal nest temperature differential (Td−nest ).

Response
variable

Fixed effects Est. SE z p-value

Microsite as response to Tair and developmental conditions1

Intercept −3.98 0.56 −7.07 <0.001

Tair 0.93 0.21 4.37 <0.001

time (afternoon) −1.01 0.19 −5.22 <0.001

sex (male) 0.75 0.18 4.24 <0.001

prenatal playback
(heat-calls)

0.00 0.18 0.00 0.998

Td−nest −0.28 0.11 −2.43 0.015

playback x Td−nest 0.49 0.16 2.97 0.003

Panting as response to Tair
2

Intercept −0.76 0.24 −3.11 0.002

Tair 0.84 0.12 6.86 <0.001

microsite (floor) −1.90 0.20 −9.45 <0.001

as response to Tloc and developmental conditions3

Intercept −0.80 0.24 −3.30 0.001

Tloc 1.05 0.10 10.66 <0.001

time (afternoon) −0.54 0.14 −3.90 <0.001

prenatal playback
(heat-calls)

−0.01 0.17 −0.05 0.960

Td−nest 0.15 0.08 1.99 0.047

playback x Tloc −0.29 0.12 −2.45 0.014

Activity as response to Tair
2

Intercept −1.42 0.18 −7.95 <0.001

microsite (floor) −0.45 0.17 −2.64 0.008

as response to Tloc and developmental conditions3

Intercept −1.66 0.23 −7.28 <0.001

Tloc 0.24 0.07 3.52 <0.001

time (afternoon) −0.39 0.14 −2.84 0.004

sex (male) 0.30 0.12 2.44 0.015

prenatal playback
(heat-calls)

0.37 0.12 3.02 0.003

Td−nest −0.11 0.06 −1.86 0.063

Outputs for microsite use, panting behaviour and activity as a response to either air
(Tair ) or microsite temperature (Tloc), with also sex, time of day, microsite, playback
and Td−nest as additional predictors. Nobs = 2,402 for 184 birds.
1Full model: microsite ∼ Tair + time + sex + prenatal
playback + Td−nest + playback × Tair + playback × Td−nest + (1| bird-
ID) + (1| date).
2Full model: response ∼ microsite + Tair + microsite × Tair + (1| bird-
ID) + (1| date).
3Full model: response ∼ Tloc + time + sex + prenatal
playback + Td−nest + playback × Tloc + playback × Td−nest + Td−nest × Tloc + (1|
bird-ID) + (1| date).
Significant effects are indicated in bold font.
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Unlike for panting response however, the within-individual
variation was as large as that between individuals (i.e., difference
between variation components, Table 1).

Lastly, for activity, there was no significant between- nor
within-individual variation (Table 1), consistent with only a weak
effect of Tloc (see below), in both Ccont and Cexp.

Microsite Use
During the observations, the floor was on average 4.9◦C cooler
than the perches (ranging from 3.6 to 5.8◦C). In both cohorts,
birds were more likely to be on the floor as Tair increased
(Tables 2, 3 and Figure 3A). In addition, in the experimental
cohort Cexp, the probability of being on the floor was higher
at midday than in the afternoon, and in males (Table 3 and
Figures 3B,C.

Early-life experience also affected microsite use. There was a
significant interaction between the prenatal playback and nest
temperature differential (Td−nest ; Table 3 and Figure 3D): in
control-call birds, as expected, individuals reared in cooler nests
were more likely to use the floor than those from hotter nests.
However, the opposite was true in birds exposed to prenatal
heat-calls.

Panting Response
As expected given its thermoregulatory function, panting
probability increased with environmental temperature. Panting
increased with Tair [although p = 0.053 for Ccont : Table 2; Cexp:
Table 3)], and was significantly higher on the perches than on
the floor (Tables 2, 3 and Figure 4A). Correspondingly, the
probability of panting increased with Tloc (i.e., temperature at
the bird’s location) in both cohorts (Tables 2, 3). In addition,
birds panted significantly more, earlier in the day (Tables 2, 3
and Figure 4B).

Regarding early-life conditions, panting probability increased
slightly but significantly with Td−nest (Table 3 and Figure 4C),
but there was no interaction between Td−nest and Tloc
(Supplementary Table 2). Additionally, there was a significant
interaction between the prenatal playback and Tloc (Table 3
and Figure 4D): panting probability increased with Tloc in both
playback groups; however, this increase was sharper in control-
call birds, as heat-call birds started panting at lower Tloc but
panted less than controls at high Tloc. This effect was robust, as
it was also visible in the raw data when panting observations
were divided up into temperature categories (Figure 4E). This
difference between playback groups was not merely explained

FIGURE 3 | Microsite use (floor versus perches in outdoor aviary) in the experimental cohort (Cexp) comprising individuals that were exposed to a prenatal playback
of either heat-calls or control-calls and reared under different nest temperature differentials (Td−nest; Nobs = 2402 for 184 birds). (A) Probability of birds being on the
floor depending on the air temperature during observation (Tair ); proportion of birds on the floor depending on (B) the time of day or (C) sex; and (D) probability of
using the floor as a function of the thermal microenvironment experienced as a nestling (◦C above air in the nest), in heat-call (red, N = 1055 observations for 84
birds) or control-call birds (blue, N = 1347 for 100 birds). Open circles show each observation, solid circles with error bars (B,C) represent the mean ± SE.
Regression lines (A,D) are shown with 95% CIs. ***p < 0.001.
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FIGURE 4 | Panting behaviour in the experimental cohort (Cexp), comprising individuals that were exposed to a prenatal playback of either heat-calls or control-calls
and reared under different nest temperature differentials (Td−nest; Nobs = 2,402 for 184 birds). Proportion of birds panting depending on (A) microsite use; or (B) the
time of day. (C) Probability of panting as function of the thermal microenvironment experienced as a nestling (◦C above air in the nest). Panting response to Tloc as:
(D) Probability of panting over Tloc or (E) proportion of birds panting (mean per one-degree class ± SE) over Tloc, in heat-calls (red, N = 1,055) or control-calls birds
(blue, N = 1,347). For panel (D), the interaction between prenatal playback and Tloc remains significant without the three observations at 30◦C (p = 0.0013). For
panel (E), numbers in brackets indicate sample sizes (i.e., number of birds observed) per temperature class and playback group: control-calls (top row) or heat-calls
(bottom row). Open circles show each observation, solid circles with error bars represent means ± SE. Regression lines are shown with 95% CIs. ***p < 0.001.

by their differential microsite use (reported above), since this
interaction remained significant when birds on the floor were
excluded (p = 0.006, Supplementary Table 4).

At environmental temperature below normothermic body
temperature (i.e., Tloc < 40◦C), body temperature (in a subset of
birds equipped with PIT tags) increased significantly with Tloc, in
both panting and non-panting individuals (Table 4 and Figure 5).
Tb was nonetheless not higher in panting than non-panting
birds (Tb = 41.39◦C versus 41.42◦C respectively, Figure 5). This
suggests that, at Tloc < 40◦C, higher panting activity was not
indicative of a lesser ability to maintain normothermic Tb.

Activity
In Cexp, birds were significantly less active on the floor than
on the perches (Table 3; N = 2402 observations), although the
reverse was true in the smaller sample of Ccont (Table 2; N = 252

observations). Birds in Cexp were also more active at midday than
in the afternoon (Table 3) and, surprisingly, they were slightly but
significantly more active at higher Tloc (Table 3). Additionally,
males were more active than females in Cexp (Table 3).

Furthermore, in Cexp, birds exposed to prenatal heat-calls were
more active than those exposed to control-calls (Table 3 and
Figure 6A), and so across the temperature gradient (Table 3 and
Figure 6B). Lastly, birds reared in hotter nests were marginally
less active than those reared in cooler nests (p = 0.063 in reduced
model: Table 3; p = 0.018 in full model: Supplementary Table 2).

DISCUSSION

We showed for the first time in endotherms that inter-individual
variation in behavioural thermoregulation at adulthood can
originate from early-life experience. Indeed, individuals
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TABLE 4 | Output of main effects from a GLMM in a subset of birds equipped with
PIT tags, to measure body temperature (Tb), as function of panting behaviour and
microsite temperature (Tloc), up to Tloc = 40◦C.

Response
variable

Fixed effects Est. SE t p-value

Tb1 Intercept 0.91 0.05 17.05 < 0.001

Tloc 0.07 0.02 3.37 < 0.001

Panting −0.06 0.06 −1.00 0.319

N = 105 behavioural observations for 23 birds.
1Full model: Tb ∼ Tloc + panting + panting × Tloc + (1| bird-ID).
Significant effects are indicated in bold font.

FIGURE 5 | Body temperature (Tb) in response to microsite temperature (Tloc)
and panting behaviour (not panting: black, panting: orange) in 23 birds
equipped with PIT tags. Open circles show individual mean Tb during each
observation session (N = 331 Tb recordings for 122 behavioural observations).
Regression lines up to Tloc = 40◦C are shown with 95% CIs, and solid circle
with error bars at 41◦C shows mean Tb (±SE) of panting birds.

consistently varied in their thermoregulation strategy, with
some individuals starting panting at lower air temperature than
others (i.e., differences in intercept). Prenatal acoustic experience
affected panting, as well as both other behavioural responses
tested. Namely, birds exposed to heat-calls started panting at
lower temperatures than control birds, but panted less at high
temperatures, suggesting different heat-regulation strategies. We
propose that such strategy in heat-call birds may improve water
saving at high temperature extremes and/or allow maintaining
high activity levels, since heat-call birds were also more active
than controls, across the gradient of summer temperatures.
Lastly, effects on microsite use were more complex, as it varied
with the interaction of early acoustic and thermal experiences.
Overall, our study reveals that a prenatal acoustic signal of
heat can shape how individuals adjust behaviourally to thermal
challenges at adulthood. This, in turn, has the potential to alter
the selection pressures individuals are exposed to, and thereby
the fitness components affected by high temperatures.

Early-life conditions, and most remarkably, prenatal acoustic
experience, affected individual behavioural responses to heat
on the long-term, with potential fitness consequences. Heat-call

birds panted less at high temperatures (Tloc), but more in cooler
conditions, compared to control-call birds. Given the significant
water loss associated with panting, moderating panting may
correspond to a water-saving strategy. In arid environments,
where birds may need to fly several kilometres to scarcely
distributed drinking water, saving water is likely most crucial
at very high temperatures, when flight may lead to excessive
metabolic heat production. When environmental temperature
rises to the level of normothermic body temperature (c.a. 40◦C),
small passerines often use hyperthermia (i.e., let Tb rise above
normothermia) to save water and energy by reducing investment
in thermoregulation (Tieleman and Williams, 1999; Gerson et al.,
2019). It is therefore possible that heat-call individuals rely more
on hyperthermia at high environmental temperature (>40◦C)
when water may be less readily accessible (in the wild), but
pant more in less extreme conditions, when panting does not
incur severe dehydration or hyperthermia risk. Importantly,
body temperature was not higher in panting than non-panting
birds, which suggests that panting intensity, rather than a sign
of higher heat-stress, may reflect differential thermoregulation
strategies, in which the reliance on respiratory evaporative water
loss versus alternative thermoregulatory pathways varies. The
benefits of higher panting activity, also observed overall in
birds from hotter nests, remain to be established. However, they
may include reducing heat-load accumulation, or maintaining
activity. Indeed, heat-call birds remained more active across the
range of warm to high temperatures. If the activity levels we
measured in our experiment reflect individual ability to maintain
foraging and breeding activity in the heat, heat-call exposure
may increase reproductive success in summer conditions,
as previously demonstrated (Mariette and Buchanan, 2016).
Overall, our results suggest that prenatal heat-call exposure did
not reduce overall thermoregulatory needs, but instead altered
individual panting strategy to better balance water loss and/or
maintain higher activity levels. Our findings thus shed light
on how acoustic developmental programming may impact life-
long fitness by shaping individual behavioural responses to hot
conditions.

As expected, and documented in other species (Smit et al.,
2013; Cunningham et al., 2015; Pattinson and Smit, 2017;
Xie et al., 2017; Oswald et al., 2019), panting and use of
cooler microsites (here, the floor) increased with temperature
(measured as Tair or Tloc). In addition, we found that, after
controlling for microsite temperature, birds panted more, earlier
in the day. Such diurnal patterns have also been observed in other
species for panting (Grant, 1982; Smit et al., 2013) as well as for
heat-calling in zebra finches [associated with higher water loss;
(Mariette et al., 2018; Pessato et al., 2020)]. Nonetheless, we also
showed that cooler microsite use was higher earlier in the day,
which to our knowledge had not been shown elsewhere. Higher
panting might occur in anticipation of air temperature peaking in
late afternoon, or to sustain higher activity, which was also higher
than in the afternoon.

Importantly, our aviary observations seem to mirror expected
behavioural patterns in wild birds. Indeed, birds on the floor
were less active than individuals remaining on perches (at least
in the experimental cohort), similarly to studies in free living
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FIGURE 6 | Activity level (mean proportion ± SE) in Cexp birds, exposed to prenatal control-calls (blue, N = 100) or heat-calls (red, N = 84). (A) Mean activity level per
playback group and, (B) (for illustration purposes) mean activity level per one-degree class and playback group. In panel (B), numbers in brackets indicate the
number of observations for control-call birds (top number) and heat-call birds (bottom number). **p < 0.01.

birds where individuals either cease activity and seek thermal
refuges, or remain active in exposed sites (Smit et al., 2016;
Pattinson and Smit, 2017). Interestingly, birds on the floor were
also half as likely to pant as those on the perches (16 versus 35%
respectively). This points to the occurrence of two alternative
behavioural strategies where individuals save water and energy
by reducing heat production (activity) and exposure to heat
(microsite), or maintain normal behavioural activity at the cost of
higher thermoregulatory needs, and thus higher energy and water
expenditure. That both phenotypes were expressed even though
birds had access to ad libitum food and water in the aviaries is
interesting. This might indicate that behavioural responses are
not as flexible as commonly assumed, perhaps as a consequence
of being dictated by physiological capacities. This is in agreement
with our findings that individuals consistently varied in their
panting responses [and specifically in their panting threshold
(estimated by random intercept)], and that such response was
partly determined by early-life effects.

In conclusion, our study shows that early-life conditions have
long-term effects on behavioural thermoregulatory strategies,
contributing therefore to consistent inter-individual differences
at adulthood. This study also reveals the role of prenatal sound
in shaping individuals’ behavioural responses to thermal changes.
These responses likely reflect differential trade-off modulation
between thermoregulation, water balance and activity, and
may explain long-lasting positive effects of heat-call exposure
on reproductive fitness. Overall, our findings bring us closer
to understanding how behavioural flexibility alters selection
pressures by high temperatures, which is essential to predict the
impact of anthropogenic climate change on species persistence.
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