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Global climate change is causing heatwaves to increase in number, length and intensity. These extreme
temperatures can reduce fitness when mating behaviours are affected. An important mating behaviour
for many organisms is sexual signalling. For example, songbirds, such as the zebra finch, Taeniopyggia
guttata, use song to attract mates. Here, we test how an acute period of extreme heat affects song
production in male zebra finches. We then ask whether female zebra finches discriminate between songs
produced at different temperatures. We find that males significantly reduce song output at temperatures
that induce heat dissipation behaviours. We also find that males produce song bouts with shorter syl-
lables when thermally challenged. Furthermore, the relative acoustic and structural consistency of songs
changes with temperature. Finally, we find that female zebra finches discriminate between songs pro-
duced at different temperatures, and the strength of discrimination is associated with changes in syllable
duration. Altogether, we demonstrate that heatwave-like conditions can impact communication via al-
terations in signaller behaviour and the signal itself. We also discuss the potential compounding effects
of reduced song production and other physiological declines on fitness in free-living zebra finches, which
increasingly experience these high temperatures.
© 2021 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.
Global climate change is causing an increase in extremeweather
events such as heatwaves (IPCC, 2014). Heatwaves become bio-
logically relevant when ambient temperatures exceed thresholds at
which species experience fitness costs (Cunningham et al., 2013).
One way animals can experience fitness costs is through reductions
in mating behaviour (Andersson, 1994). Despite being important
drivers of population persistence, data about changes in mating
behaviour are not typically included in predictive models exploring
the effects of climate change on animal population trajectories
(Huey et al., 2012). It is imperative to include data related to mating
behaviours because they are linked to differential reproductive
success, an important driver of evolution (Andersson, 1994). In fact,
physiology-based extinction projection models that have incorpo-
rated information about how high temperatures affect mating be-
haviours and reproductive success make more accurate predictions
about population persistence in the face of climate change and
severe temperature fluctuations in ectotherms (Sinervo et al., 2010)
and in endotherms (Conradie et al., 2019; McKechnie et al., 2012). A
key limiting factor is a relative dearth of information about how
temperature affects mating behaviours in endotherms. Thus, there
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is a pressing need to measure how extreme but ecologically rele-
vant high temperatures impact mating behaviours in endotherms.

Extreme temperatures can affect mating behaviours such as
communication, or the transmission of information from a
signaller to a receiver (Searcy & Nowicki, 2009). Decades of work
on ectotherms (regulation of body temperature depends on
external sources) demonstrate that signallers vary communica-
tion behaviours with temperature. For example, the rate of signal
production typically varies positively with temperature in ecto-
therms. Male frogs call at higher rates in warmer temperatures
(Zweifel, 1959), the pulse rate of Woodhouse toad, Bufo wood-
housei, calls increases with temperature (Sullivan, 1982), and
male crickets increase chirp rate and reduce interchirp intervals
when exposed to high temperatures (Ciceran et al., 1994). In many
cases, receivers shift their preferences in tandem with signallers,
thus preserving the function of mating behaviours across tem-
perature regimes. For example, this pattern is found in tree
hoppers (Jocson et al., 2019), treefrogs (Gerhardt, 1978) and ul-
trasonic moths (Greenfield & Medlock, 2007). In contrast, much
less is known about how high temperatures affect communica-
tion in endotherms, in part because the ability to self-regulate
body temperature can minimize the effects of extreme
temperatures.
evier Ltd. All rights reserved.
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High temperatures may impede the effectiveness of communi-
cation in songbirds as they are particularly vulnerable among en-
dotherms to extreme temperatures (McKechnie & Wolf, 2010).
Birdsong has a number of functions in mating contexts, including
acting as a ‘keep-out’ signal to defend breeding resources and as a
mate attraction signal (Catchpole& Slater, 2008). Depending on the
species, males and females can act both as signallers and receivers
of information contained in song (Riebel et al., 2019). Small song-
birds are diurnal, meaning they are active during the hottest parts
of the day and more likely to be exposed to thermally challenging
temperatures (McKechnie & Wolf, 2010). They also have high
metabolic rates, meaning that they have to forage actively even
during periods of extreme temperatures in order to meet their
energy needs, and they have to combat production of metabolic
heat in high temperatures (McKechnie & Wolf, 2010). A number of
studies on both small and larger bird species adapted to arid re-
gions (including southwestern North America, South Africa and
Australia) find that temperatures in these regions are already
exceeding thresholds that result in fitness loss and population
decline (Conradie et al., 2019; Cunningham et al., 2013; du Plessis
et al., 2012; Hurley et al., 2018; Iknayan & Beissinger, 2018). Such
fitness costs are predicted to lead to population declines among
avian populations (Conradie et al., 2019). As such, if extreme tem-
peratures negatively affect either signallers or receivers, this could
in turn reduce mating success.

What little research that has been done suggests temperature
affects songbird receivers. For example, female Lincoln's sparrows,
Melospiza lincolnii, prefer male songs previously heard during cold
temperatures over songs they heard under warmer temperature
conditions (Beaulieu & Sockman, 2012). Female pied flycatchers,
Ficedula hypoleuca, spend less time assessing potential male mates
in cold temperatures (Slagsvold & Dale, 1994). Female zebra
finches, Taeniopygia guttata, reduce discrimination between
conspecific and heterospecific songs while at hot temperatures
(Coomes et al., 2019). Thus, extreme temperatures, both cold and
hot, appear to have a negative effect on female mating preferences,
which could lead to fitness costs for female receivers. However, the
effects of temperature on songbird signallers are less clear.

Experimental and observational work do not always align
regarding how temperature affects songbird signallers, although
responses to cold temperatures seem to be more consistent. At low
temperatures, experimental and observational findings are largely
consistent. For example, free-living male zebra finches decrease
song rate when overnight temperatures are low (Dunn & Zann,
1996). This is consistent with experimental work on captive male
zebra finches showing that song rate decreases when the temper-
ature of brain regions important in song production are lowered
(Long& Fee, 2008). However, experimental and observational work
are not necessarily parallel in regard to the effects of high tem-
peratures on song production. Although higher brain temperature
is associated with higher song rates (Long & Fee, 2008) and higher
song tempo in zebra finches (Aronov & Fee, 2012), observational
work shows that male song sparrows, Melospiza melodia, sing less
when temperatures are higher (Luther & Danner, 2016). This
pattern could be due to differences among species in how they
respond to high temperatures or to mechanisms other than brain
temperature affecting song output at high temperatures. Therefore,
a critical gap in our understanding of how temperature affects
communication in songbirds is how high temperatures affect song
production.

In this study, we tested how acute exposure to high temperature
affects song production in a species already experiencing the
negative effects of heatwaves in its native range: the zebra finch
(Griffith et al., 2016; McKechnie & Wolf, 2010). The number of
heatwaves in Australia is increasing (McKechnie et al., 2012), with
heatwaves often lasting several days and average ambient day
temperatures above 40 �C (Griffith et al., 2016). Mass mortality
events in this species during heatwaves are common (McKechnie&
Wolf, 2010). Zebra finch body temperature is typical for passerines
(~42 �C), but their thermoneutral zone is wide (~29.5e40 �C),
reflecting adaptation to high temperatures (Calder, 1964). This
species also shows significant physiological plasticity such that
birds can shift their thermoneutral zone to higher temperatures
during heatwaves (Cooper et al., 2020), but prior exposure does not
change their general physiology (Cooper et al., 2020), limiting their
ability to acclimatize to extreme heat events. Like other animals,
zebra finches initially respond to heat by moving to cooler micro-
climates or making minor postural changes to shed heat through
convection (Zann, 1996). As ambient temperature exceeds body
temperature, heat loss through convection becomes ineffective
and, like other animals, zebra finches pant to shed heat through
evaporative water loss (Dawson, 1982). Such heat dissipation be-
haviours require additional energy expenditure and may interfere
with other behaviours (Mitchell et al., 2018) such as song
production.

We therefore hypothesized that male singing behaviour varies
with air temperature. However, measured differences in songs
produced at different temperatures alone does not tell us whether
the change in song is biologically relevant. While some work in-
dicates that female zebra finches prefer songs with longer motifs
(Neubauer, 1999) (longer note duration leads to longer motifs), it is
not known whether the extent of the change in these songs during
acute thermal challenge is salient to females. In addition, female
songbirds can often detect differences in male songs that re-
searchers cannot (Searcy et al., 1997). While we can make informed
predictions about which features of songs are the most salient,
females may pick up on a particular aspect of the signal that is not
detectable to human observers. Thus, we also measured how fe-
male zebra finches responded to songs produced in the 35 �C and
43 �C treatments.

To test this hypothesis, wemeasured singing behaviours in male
zebra finches at two different air temperatures (35 �C and 43 �C)
using a repeated measures design. We selected 43 �C as our high
temperature treatment because temperatures above 40 �C in this
species are known to pose a physiological challenge (Cooper,
Hurley, & Griffith, 2020; Cooper, Hurley, Deviche et al., 2020;
Wojciechowski et al., 2020). Our cooler temperature treatment
(35 �C) reflects a marginal thermoneutral condition as birds of this
species can develop hyperthermia at air temperatures above ~36 �C
(Wojciechowski et al., 2020). We then asked whether females
discriminated between the songs produced in the two treatments
using operant conditioning (Holveck & Riebel, 2007). We predicted
that males would produce fewer song bouts during the thermally
challenging treatment (43 �C) than when held in thermoneutrality
(35 �C). Because syllable duration decreases with increasing brain
temperature in this species (Aronov& Fee, 2012; Long& Fee, 2008),
we also assessed the effects of temperature on syllable duration.
We predicted that songs produced during the high temperature
treatment would have shorter syllable duration than songs pro-
duced under the lower temperature treatment. In addition, we
used consistency metrics to compare characteristics of songs such
as acoustic accuracy and order of syllables (Tchernichovski et al.,
2000) at different temperatures. Because male zebra finches sing
stereotyped songs (i.e. a given male sings the same song every
time), consistency metrics can provide insight into how consis-
tently males sing within temperature treatments. We predicted
that zebra finches would produce songs with less consistency
during the higher temperature treatment. Finally, we predicted that
females would discriminate between songs produced in the two
treatments. However, because female zebra finches vary widely in
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preference among individuals, we had no a priori prediction
regarding the direction of discrimination or even whether all fe-
males would prefer songs from the same treatment or not. The key
question was whether song differences were meaningful to po-
tential receivers. Altogether, we expected to find qualitative and
quantitative effects of an acute thermal challenge on singing
behaviour and the signal itself.

METHODS

Study Species

Zebra finches are a small songbird native to Australia and
Indonesia (Zann, 1996) and are an ecologically relevant species in
which to study the effects of high temperatures. Temperatures in
the zebra finch range can extend from -5 �C to 45 �C (Griffith et al.,
2016). Zebra finches regularly experience the deleterious effects of
heatwaves when breeding in the wild (Griffith et al., 2016; Hurley
et al., 2018). Namely, at high temperatures, zebra finches experi-
ence a reduction in sperm quality (Hurley et al., 2018), forage less
often and are less social (Funghi et al. 2019), change their egg
morphology (Dees et al., 2019) and sing more to their embryos,
which changes how nestlings behave and grow (Mariette &
Buchanan, 2016). Zebra finches also thrive and breed readily in
captivity (Riebel, 2009), making them ideal for captive experi-
mental studies. There is also evidence that thermal limits are
conserved between wild and domesticated populations (Calder,
1964). These factors make zebra finches a useful model in which
to test the effects of temperature on song production.

Researchers have extensively studied zebra finch songs in
mating contexts (reviewed in Riebel, 2009), providing a framework
for making functional interpretations of temperature effects on
song. Males sing two types of songs. Undirected songs are typically
sung in social contexts, while directed songs are sung to attract
females (reviewed in Hauber et al., 2010). A number of studies
demonstrate that female zebra finches prefer males with higher
rates of song production (Collins et al., 1994; ten Cate et al., 2006)
and songs with longermotifs (Neubauer,1999) andmore consistent
frequency modulation (Lauay et al., 2004).

The elements of directed song are extensively characterized
(Sossinka & B€ohner, 1980). Songs typically comprise harmonic
syllables, which are sung in sequences calledmotifs. Motifs are then
sung in groups called bouts. Typically, a male produces the same
motif in these bouts, and we measured the consistency with which
males repeated these motifs. There are several ways to measure
consistency: similarity, accuracy and sequential match. Similarity is
measured as the overall resemblance between twomotifs, accuracy
compares the differences in acoustic space used by a song, and
sequential match compares the order of syllables between two
motifs (Honarmand et al., 2015; Tchernichovski et al., 2000).

Animal Care and Housing

We tested 16 adult male and 17 female zebra finches of un-
known age. Birds were obtained from Magnolia Bird Farm in
Riverside, California, U.S.A. These are typical sample sizes for a
repeated measures experimental design with captive birds
(Anderson, 2009; Anderson et al., 2014; Coomes et al., 2019;
Gentner & Hulse, 2000). We housed birds in individual cages
(48.26 � 25.4 � 30.48 cm; 19 � 10 � 12 inches) lined with news-
paper. Each cage contained two perches, and birds were given ad
libitum access to food, water, crushed oyster shells and cuttlebones.
Their diets were supplemented with fresh vegetables (snap peas,
green beans, etc.) or hard-boiled eggs with shell once per week. The
temperature in the housing room ranged from a minimum of 23 �C
at night to a maximum of 27 �C during the day. The birds were kept
on a 13:11 h light:dark cycle, with lights on at 0800 hours and lights
off at 2100 hours. Humidity ranged between 45% RH and 65% RH.
Males and females associated with each experiment were housed
separately in order to ensure that females did not develop a pref-
erence for a male's song based on familiarity.

Experimental Design

All stages of this experiment took place in thermal chambers
constructed frommodified sound attenuation chambers (Industrial
Acoustics Co., North Aurora, IL, U.S.A.). Each chamber contained a
window at the front, a Shure microphone and two Logitech web
cameras to monitor health. Internal measurements of the chamber
were 58.4 � 40.6 � 35.6 cm (23 � 16 � 14 inches) such that a bird's
home cage fit within the chamber. Chambers had constant airflow
into and out of the chamber. Incoming air was heated with a
heating element, which turned on and off to provide accurate
temperature control (±0.3 �C) with consistent uniformity (±1 �C)
across a broad range (22e44 �C). Humidity differences were
monitored using EasyLog temperature and humidity loggers
(Lascar Electronics, Erie, PA, U.S.A.). Each temperature chamber was
large enough to fit the bird's standard cage, allowing us to not
handle birds during the course of the experiment. One week prior
to the start of the experiment, we placed birds in their home cage
individually into the chambers for 2 h at their housing temperature
(27 �C) to habituate them to light and sound differences. To deter-
mine the temperature for the high temperature treatment, we
performed a pre-experimental trial to determine temperature at
which our population showed heat dissipation behaviours. We
placed birds in a thermal chamber at 35 �C and then raised the
temperature over the course of 1 h until the birds showed signs of
behavioural thermoregulation. All birds showed at least one or
more heat dissipation behaviours at 43 �C (panting, wing
spreading, standing tall; Zann, 1996), so we selected this temper-
ature for our high temperature behavioural trials.

To test how air temperature affects song production, we then
exposed male zebra finches to 35 �C and 43 �C treatments and
presented a female zebra finch to elicit directed songs. For both
treatments, humidity generally ranged from 10% to 20% RH,
depending on the local weather conditions. At this range, humidity
does not constrain thermoregulation via evaporative cooling
(Gerson et al., 2014; van Dyk et al., 2019). Each bird underwent both
temperature treatments, and we alternated the order of treatment
to reduce order effects. There were 2 days between each temper-
ature treatment. Each individual underwent each temperature
treatment at the same time each day to reduce the effects of time of
day on overall activity levels. Prior to each treatment, we placed a
male in a chamber for 30 min at treatment temperature to allow
them to habituate. After the habituation period, we placed one of a
set of five females drawn from the same colony but housed in
separate, same-sex cages outside the chamber window, so that
males could see but not hear the female. A male saw the same fe-
male for both temperature treatments to limit any female-specific
effects on song. We then recorded all vocalizations produced over
30 min using Sound Analysis Pro (Tchernichovski & Mitra, 2004).

Song Analysis

We assessed three measures of singing behaviour: number of
song bouts, variation in syllable duration and overall singing con-
sistency. First, we visualized vocalizations using Audacity (Audacity
Team, 2020), then counted all directed song bouts. Song bouts were
counted by three observers, two of whomwere blind to treatment.
Song counts were consistent among all three observers. To be
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counted as a single bout, a vocalization had to have introductory
syllables and at least onemotif and had to occur at least 3 s from the
end of a previous bout (Sossinka & B€ohner, 1980). To measure
syllable duration, we selected 10 song bouts, or as many as avail-
able, from each bird. We excluded songs of low recording quality
(i.e. high levels of background noise, breaks in recording, etc.). Then
we input the entire bout into the batch analysis feature in Sound
Analysis Pro (Tchernichovski & Mitra, 2004). From this batch
analysis, we extracted syllable duration.

We then measured overall singing consistency to test whether
songs changed under different temperature conditions using
standard metrics (Honarmand et al., 2015). To do this, we cut the
second motif from each of the previously selected song bouts and
compared three similarity scores calculated by Sound Analysis Pro:
similarity, accuracy and sequential match (Tchernichovski & Mitra,
2004). We did not include songs that contained only one motif or
songs that were of low recording quality. The resulting data are
comparative measurements of consistency between two songs, for
example Song A and Song B are 90% similar, compared to Song A
and Song C, which are only 60% similar. We only compared songs to
other songs that were produced by the same bird. These similarity
analyses were conducted by an independent observer blind to
treatment. We measured consistency within temperature treat-
ments (35 �C versus 35 �C, 43 �C versus 43 �C). This comparison
provides insight into the relative consistency with which a bird
sings at a given temperature.

Stimulus Preparation for Operant Conditioning

To select song stimuli, we first reduced the pool of songs by
including only those that had introductory notes and at least two
motifs. We then selected songs with high signal-to-noise ratio.
From there, we randomly selected songs from each treatment for
each male. All songs were then amplitude-normalized using
SIGNAL v.5 (Beeman,1999) and volume-adjusted to 65 dB SPL at the
chamber centre. Stimulus pairs were created using one 35 �C song
and one 43 �C song from the same bird. We created 10 stimulus
pairs.

Operant Conditioning

We used operant conditioning, an auditory discrimination assay
commonly used in zebra finches, to quantify female response to
songs. To run the operant conditioning assay, we placed the bird's
home cage inside of a sound attenuating thermal chamber and
attached two stimulus perches (9 cm long, 6 cm in diameter, made
of wood) to the front of each cage, approximately 10 cm above the
cage bottom and 25 cm apart. When the bird hopped on the
stimulus perch, it triggered a microswitch, which triggered the
playback of a song through a speaker. One perch hop triggered a
playback of one full song, and if the bird remained on the perch no
additional songs were played. We counted perch hops using Sound
Analysis Pro (Tchernichovski&Mitra, 2004). In this type of auditory
discrimination assay, the song is the reward. The number of times
the bird chooses one type of stimulus playback over the other is
indicative of the song she prefers (Anderson, 2009). Operant con-
ditioning results are consistent with other song preference mea-
sures in zebra finches such as phonotaxis and copulation
solicitation displays (Holveck & Riebel, 2007).

Before beginning trials, we acclimated each bird to the sound
attenuation chamber at housing temperature (27 �C) for 2 h. Then
we trained each female on the operant system. To train the birds,
we gave each female a choice between a zebra finch song and a
rufous-collared sparrow, Zonotrichia capensis, song. To pass
training, each bird had to hop twice on both perches 2 days in a row.
Females that did not pass training within four consecutive days
were removed from trials. Seventeen of 20 birds passed the training
stage.

For the experimental stage of the trial, each bird was tested
using operant conditioning for four consecutive days, alternating
morning and afternoon sessions. The morning sessions took place
from 0930 hours to 1330 hours, and the afternoon sessions took
place from 1400 hours to 1800 hours. The temperature in the
chamber was 35 �C. Females heard two different stimulus pairs
from two different males, and each heard a different combination
of stimulus pairs to reduce pseudoreplication (Kroodsma, 1990).
Each stimulus pair contained songs produced by the same male,
one song at 35 �C and one at 43 �C.

Ethical Note

All housing protocols and experimental procedures described
above were approved by the Institutional Animal Care and Use
Committee of the University of Tennessee, Knoxville (IACUC Pro-
tocol No. 2578). Birds were acclimated to the facility for 2 weeks
before beginning any manipulations. We constantly monitored
birds while at the 43 �C temperature using closed-circuit cameras
and immediately removed a bird from a trial if it showed any signs
of distress such as gaping or hawk sitting. We also had backup
thermal probes inside of each chamber to inform us in case of any
unanticipated changes in temperature.

Statistical Analysis

All statistical analyses were performed in R v.4.0.0 (R Core Team,
2017). To determine whether temperature affects song production,
we compared the number of song bouts produced across temper-
ature treatments.We applied generalized linearmixedmodels with
a Poisson distribution, appropriate for count data, using the pack-
age lme4 (Bates et al., 2015). Models included combinations of a
fixed effect of temperature as well as a fixed effect of order. We then
performed model selection using Akaike's information criterion for
small samples (AICc) using the package AICcmodavg (Mazerolle,
2020). All models contained a random effect of male bird to ac-
count for the repeated measures design.

To test whether temperature explains variation in syllable
duration, we applied a linear mixed model, which included tem-
perature treatment as a fixed effect and bird as a random effect. We
square-root transformed the response variable (syllable duration)
to normalize the distribution of residuals. Similarly, to test whether
temperature impacts consistency of song production, we applied
linear mixed models to the measures of song similarity, accuracy
and sequential match for comparisons across temperature treat-
ments. For similarity, we performed BoxeCox transformations us-
ing the MASS package (Venables & Ripley, 2002). We did not
transform accuracy data, as the residuals were normally distrib-
uted. For sequential match, we applied generalized linear mixed
models with an inverse Gaussian distribution, appropriate for left-
skewed data.

To determine whether female zebra finches discriminated be-
tween songs produced at 35 �C and at 43 �C, we created generalized
linear mixed models with a Poisson distribution (appropriate for
count data such as perch hops) using the package lmer (Bates et al.,
2015) and performed model selection using the package AICMo-
dAvg (Mazerolle, 2020). Models contained stimulus perch hops as
the response variable and temperature treatment, male stimulus
and an interaction between the two as the fixed effects. All models
included female identity (ID) as a random effect as females varied in
their strength of response to the operant conditioning assays. We
compared models using AICc (Burnham & Anderson, 2004).
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Figure 1. Song bouts produced during 35 �C and 43 �C temperature treatments. Each
black line represents an individual bird. The coloured lines represent the population-
level mean and standard error within each treatment.
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We then quantified the differences in average syllable duration
produced by each male at the two different temperatures by sub-
tracting syllable duration at 43 �C from that at 35 �C. If the resulting
syllable duration difference was less than 0 ms, then the bird sang
longer syllables in the 43 �C treatment relative to the 35 �C treat-
ment. If the resulting difference was greater than 0 ms, then the
bird sang longer syllables in the 35 �C treatment relative to the
43 �C treatment. To determine whether syllable duration explained
variation in female preference strength between treatments and
among males, we created a linear model containing a response
variable of preference strength and fixed effects of female cate-
gorical preference (whether she preferred the 35 �C song or the
43 �C song), syllable duration difference and an interaction be-
tween the two. To calculate preference strength, we first calculated
preference ratios: the number of perch hops by one female on the
35 �C stimulus divided by the total number of perch hops by that
female on both perches. If the preference ratio is greater than 0.5,
the female shows a preference for the 35 �C stimulus. A preference
ratio below 0.5 indicates the female prefers the 43 �C stimulus. In
either case, a preference ratio that departs from 0.5 shows
discrimination between 35 �C and 43 �C songs. We then subtracted
the null preference ratio (0.5) from the demonstrated preference
ratio and took the absolute value of this number as the measure of
preference strength. We log-transformed strength to normalize the
distribution of residuals, required for a linear model.
RESULTS

Song Output Was Lower at High Air Temperature

We found that our best-fitting model contained a fixed effect of
temperature and a random effect of bird (Table 1). The next best-
fitting model (DAICc < 2) contained a fixed effect of temperature
and random effects of treatment order and bird. Birdsong produc-
tion changed with temperature treatment (generalized linear
mixed model, z ¼ -3.21, N ¼ 16, P ¼ 0.001). Consistent with our
predictions, we found that male zebra finches produced signifi-
cantly fewer directed songs at higher temperature (N ¼ 16; Fig. 1).
During the 35 �C temperature treatment, birds sang an average of
seven song bouts. During the 43 �C temperature treatment, birds
sang an average of 4.5 song bouts.We also observed a large amount
of individual variation (SDbird ¼ 0.65) likely the result of not all
birds showing a decrease in song production at high temperature
(Fig. 1).
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Syllable Duration Was Shorter at High Air Temperature

Syllable duration varied significantly between temperature
treatments (linear mixed model, t ¼ -2.42, N ¼ 14, P ¼ 0.016).
Consistent with our prediction, syllable duration was shorter in
songs produced at higher air temperatures (mean ± SE: 35 �C:
103.70 ± 60.22 ms; 43 �C: 89.11 ± 61.70 ms; Fig. 2). Here, we also
observed a large amount of individual variation (SDbird ¼ 0.62).
Table 1
Model selection for song countmodels using Akaike's information criterion for small
sample sizes (AICc)

Model effects K AICc DAICc AICc
weight

Log
likelihood

Temperature þ (1jbird) 3 223.32 0.00 0.67 �108.23
Temperature þ order þ (1jbird) 4 224.87 1.54 0.31 �107.69
(1jbird) 2 231.19 7.87 0.01 �113.39
Order þ (1jbird) 3 232.56 9.23 0.01 �112.29
Song Consistency Varied with Air Temperature

All three measures of song consistency (similarity, accuracy and
sequential match) varied with air temperature. We found signifi-
cant differences in song similarity between temperature treat-
ments (linear mixed model, t ¼ -2.59, N ¼ 15, P ¼ 0.01). Counter to
our predictions though, we found that songs produced during
exposure to high temperatures had very similar but significantly
higher rates of similarity than songs produced at lower air tem-
peratures (35 �C: 89.27 ± 16.71%; 43 �C: 89.84 ± 14.83%). Song ac-
curacy also changed with temperature treatment (t ¼ -4.55, N ¼ 15,
P < 0.0001). Again, songs produced during exposure to higher
temperatures also had very similar but significantly higher rates of
accuracy (35 �C: 84.84 ± 3.87%; 43 �C: 85.09 ± 4.76%). Finally,
sequential match also varied significantly with temperature treat-
ment (t ¼ 2.57, N ¼ 15, P ¼ 0.01). Consistent with our predictions,
5

35 43

Temperature treatment (°C)

Figure 2. Syllable duration at 35 �C and 43 �C air temperature. Syllable duration has
been square-root transformed. Grey dots represent the duration of individual syllables.
Black lines represent the change in mean syllable duration for individual birds in each
treatment. Coloured lines represent the population-level mean and standard deviation
of syllable duration.



Table 2
Model selection for female preference for songs produced at 35 �C and 43 �C

Model K AICc DAICc Model likelihood AICc weight Log likelihood Cumulative weight

Temperature � male 21 1570.39 0 1 1 �754.15 1
Temperature þ male 12 2404.46 834.06 7.68E-182 7.68E-182 �1187.39 1
Male 11 2427.31 856.92 8.36E-187 8.36E-187 �1200.30 1
Temperature 3 2945.96 1375.57 1.99E-299 1.99E-299 �1469.79 1
Null 2 2969.59 1399.19 1.48E-304 1.48E-304 �1482.70 1
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we found that songs produced during exposure to higher temper-
atures had lower rates of sequential match (35 �C: 96.61 ± 9.83%;
43 �C: 93.81 ± 8.98%). Overall, songs produced at higher tempera-
tures were more similar and more accurate but less consistent in
sequential match than songs produced at lower temperatures.

Female Zebra Finches Discriminated between Songs Produced at
Different Temperatures

The model that best explained our pattern of results contained a
fixed effect of temperature, stimulus male and an interaction be-
tween the two, including a random effect of female (Table 2). In
other words, some females preferred the songs produced by some
males at 43 �C, while other females preferred the songs produced
by some males at 35 �C (Fig. 3, Appendix, Table A1). Still other fe-
males showed a strong preference for songs produced at both
temperatures, depending on which male produced the song.

How Males Altered Their Song in Heat Explained Variation in Female
Preference Strength

We found a significant effect of the interaction between cate-
gorical female preference and syllable duration difference on the
strength of female preference (Fig. 4, Table 3). Females that
preferred songs produced at 35 �C more strongly preferred 35 �C
songs with syllables that were longer than 43 �C syllables, and fe-
males that preferred songs produced at 43 �C more strongly
preferred songs that had longer syllables relative to 35 �C syllables.
However, strength of preference for 43 �C was not as closely asso-
ciated with change in syllable duration as the strength of
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Figure 3. Female preference for each stimulus pair. The Y axis is the preference ratio
for 35 �C songs (35 �C perch hops/total perch hops). The dashed line at 0.5 represents
where the dot would fall if females showed no preference. Blue dots above the dotted
line indicate that a female preferred 35 �C song for a given stimulus pair. Red dots
below the dotted line indicate that a female preferred 43 �C songs for a given stimulus
pair. Dot size represents the strength of preference for a given stimulus. Dots are
labelled with the male ID the stimuli were drawn from.
preference for 35 �C songs. In other words, females tended to prefer
the stimulus song with the longer syllable duration within a given
pair of song stimuli.

DISCUSSION

Consistent with our predictions, male zebra finches sang fewer
song bouts at higher temperatures, indicating an effect of temper-
ature on song production. Also consistent with our predictions, and
past experimental studies, syllable duration was shorter at hotter
temperatures. This variation in syllable duration was biologically
meaningful to females. Females discriminated between songs
produced at different temperatures, and the strength of this
discrimination was explained by variation in syllable duration.
Altogether, our results provide strong experimental evidence that
short-term exposure to extreme but ecologically relevant high
temperatures affects song production and signal salience in a
songbird.

There are several potential reasons why male zebra finches may
sing less at higher temperatures. First, it is possible that high
temperatures affect males’ motivation to sing. In adult male zebra
finches, androgen levels are positively correlated with song pro-
duction (Pr€ove, 1974). In domestic chickens, Gallus domesticus, heat
stress has been shown to influence the production of gonadal
hormones (Rozenboim et al., 2007). While a direct relationship
between heat and androgen levels has not been found in male
zebra finches, there is some evidence that an acute heat challenge
does affect testes, where androgens are produced, as sperm quality
decreases when temperatures reach above 40 �C (Hurley et al.,
2018). A second potential mechanism for this change is a
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Figure 4. Relationship between strength of female preference and change in syllable
duration of male song (35e43 �C). If D syllable duration < 0, then 43 �C songs had
longer syllable duration. If D syllable duration > 0, then 35 �C had longer syllable
duration. Blue dots indicate that a female preferred the 35 �C songs of a given male.
Red dots indicate that a female preferred the 43 �C song from a given male. Size of the
dot indicates the strength of preference. We observe an interaction between D syllable
duration and a female's categorical preference. Coloured lines represent the line of best
fit for each treatment.



Table 3
Estimated fixed effects for strength of female preference

Coefficients Estimate SE t P

Intercept �2.26 0.21 �10.63 <0.0001
Duration �0.0061 0.008 �7.67 0.45
35 �C �0.27 0.39 �0.69 0.49
Duration � 35 �C 0.041 0.018 2.22 0.034
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reduction in dopamine or opioid production. Dopamine production
and opioid release are heavily involved in the motivation to sing
and make singing rewarding (Riters, 2010). However, whether high
temperatures affect the production of androgens, dopamine or
opioids is a separate empirical question.

Another, not mutually exclusive, explanation for fewer songs in
high temperatures is an overall decrease in social behaviour.
Singing is a form of communication, which is inherently social.
Domestic chickens have been shown to decrease social interactions
at high temperatures (Etches et al., 2008). Another potential
explanation is that males experience trade-offs in terms of time or
energy budgets between song production and heat dissipation
behaviours. Birds have already been shown to undergo behavioural
trade-offs between thermoregulation and foraging behaviour (du
Plessis et al., 2012; Funghi et al., 2019). In zebra finches, time
spent singing is energetically costly (Gil& Gahr, 2002). It is possible
that male zebra finches expend more energy thermoregulating and
performing heat dissipation behaviours such as panting than they
do when producing song.

No matter the mechanism, reduced song production could
reduce overall reproductive success in male zebra finches. Higher
song rates in males elicit more interest from female zebra finches
(Hauber et al., 2010), acoustic structure predicts reproductive suc-
cess in the wild (Woodgate et al., 2012), and females who choose
males with higher song rates have higher-quality offspring and
sexier sons (Houtman, 1992). Furthermore, it does not appear to be
the absolute song rate but the relative song rate that is important.
Males that experience a reduction in song output at higher tem-
peratures will be less effective at attracting mates than males that
do not. Therefore, reduced song rates could lead to fitness costs for
affected males and differential fitness across individuals, setting up
the potential for selection onmales during thermal challenges such
as heatwaves.

In addition to reduced song production, we also found that
certain song features changed under high temperatures. These
changes in song features may explain why females discriminated
between the two different song types. Males altered syllable
durationwhen exposed to high temperatures. Reduction in syllable
duration during the 43 �C treatment may be due to an increase in
brain temperature. Previous work has shown that motifs become
shorter as brain temperature rises from 38 �C to 43 �C (Aronov &
Fee, 2012). Although we did not measure brain or body tempera-
ture in our birds due to the difficulty of taking these data without
altering the behavioural output of the birds, previous work on zebra
finches did find that male zebra finches at 44 �C experience an
increase in body (i.e. cloacal) temperature by ~3.5 �C (Calder, 1964).
No matter the mechanisms underlying the decrease in syllable
duration, production of shorter syllables may have consequences
for mate choice. Female zebra finches tended to prefer 35 �C songs
from males that had longer average syllable duration during the
35 �C treatment than during the 43 �C treatment.

This pattern is consistent with what is known about female
preference in zebra finches, as the production of shorter syllables
leads to production of shorter motifs. It has been suggested that
female zebra finches are more likely to prefer males who sing
longer motifs because of increased exposure to a sexual stimulus
(Clayton & Pr€ove, 1989). A reduction in motif length may therefore
lead to a reduction in mating opportunities. Syllable duration can
also be indicative of age, and while females tend to prefer more
mature males, it is unknown whether females utilize this infor-
mation when choosing a mate (reviewed in Riebel, 2009). Because
female zebra finches discriminated between songs produced at
different temperatures, males who undergo changes in song
structure due to heat stress may be less capable of attracting po-
tential mates. However, the degree and direction of change depend
on the thermal sensitivity of individual males and individual
preferences of females.

The differences in the consistency with which zebra finches
produced songs in the different temperature treatments could be
explained by temperature's effect on the brain or on motor coor-
dination. Birds varied in their overall song consistency and use of
acoustic space between temperature treatments. Songs produced
at 35 �C did not match themselves as closely in terms of overall
resemblance or acoustic accuracy as did songs produced at the
higher temperature, meaning that there was more acoustic varia-
tion in the songs produced at 35 �C. A potential explanation is that
the birds were able to use more acoustic space (there were fewer
neurological or anatomical constraints on song production) when
singing at 35 �C. These demonstrated changes in song accuracy are
consistent with previous studies showing that brain temperature is
associated with changes in acoustic properties of song, such as
tempo (Aronov & Fee, 2012; Long & Fee, 2008). In contrast, we
found that songs produced at 35 �C had higher rates of sequential
match than songs produced during the 43 �C treatment. This in-
dicates that birds more often produced the same notes in the same
order at 35 �C. One explanation for this pattern is that certain notes
may be more difficult to produce under hot temperatures due to
motor constraints. Certain notes require more motor skill to pro-
duce than others (Goller & Daley, 2001), and male zebra finches
have been shown to have reduced motor performance at high
temperatures (Danner et al., 2021).

We also observed individual variation in behavioural perfor-
mance during this acute thermal challenge. Although many in-
dividuals were sensitive to the high temperature treatment, and
altered their song performance, some appeared more tolerant. For
example, four birds increased song output at high temperature, and
two birds showed an increase in syllable duration at high temper-
ature. Individual variation in behavioural performance in heat has
also been noted in other studies of the effects of heat on behaviour,
including female mate choice (Coomes et al., 2019) and foraging
behaviour (Danner et al., 2021), suggesting that some individuals
are likely more thermally tolerant than others. Thermal tolerance
could be generated in a number of ways. For example, some in-
dividuals might be more tolerant because they have larger thermal
windows (increasing their ability to dissipate heat) (Tattersall et al.,
2009), larger mass (produce more metabolic heat) (Speakman &
Kr�ol, 2010) or differential expression of gene networks related to
metabolic rate (Stager et al., 2015), water balance (McCormick &
Bradshaw, 2006) or singing behaviour (Maney et al., 2005). The
question of why individuals varied in their behavioural perfor-
mance at high temperatures is beyond the scope of this study. Such
empirical questions are critical for future research to address.

Reduced song production and changes in signal salience could
compound negative effects of heat that zebra finches are already
experiencing in the wild. Free-living zebra finches regularly expe-
rience temperatures that induce thermoregulatory behaviours
(Griffith et al., 2016). Researchers have found that male zebra
finches have reduced sperm quality when environmental temper-
atures are above 40 �C (Hurley et al., 2018). Zebra finches also
forage less often during periods of high temperature, reducing
overall food intake and social interaction (Funghi et al., 2019). In
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addition, zebra finches produce a unique call that aids thermo-
regulation when exposed to high temperatures, known as ‘vocal
panting’ (Pessato et al., 2020). Temperature also affects how zebra
finches rear their young (Mariette& Buchanan, 2016) andmay even
lead to changes in egg morphology (Dees et al., 2019) and earlier
hatch dates (Griffith et al., 2016). The additive effects of the phys-
iological and behavioural changes induced during heatwaves could
lead to reduced reproductive success for individuals and even lead
to large-scale consequences such as range shifts and population
declines as seen in other species (McKechnie &Wolf, 2010; Sinervo
et al., 2010).

As global temperatures continue to rise, it is critical to under-
stand how behavioural and physiological changes induced by
extreme temperatures will affect organisms throughout the world.
While zebra finches are a sentinel species for studying the effects of
heat, it is pertinent to study the effects of high temperatures in
other species, particularly those in temperature regions. There is
large variation in the way that different bird species physiologically
respond to high temperatures (Xie et al., 2017). Zebra finches are
well adapted to high temperatures compared to temperate-zone
songbirds. For example, the upper critical temperature of the
zebra finch is 40 �C (Calder, 1964), while the upper critical tem-
perature of the white crowned sparrow, Zonotrichia leucophrys, is
34 �C (Wingfield & Farner, 1976). Temperate regions, particularly in
North America, Europe and Asia, are predicted to see some of the
largest increases in temperature before the end of the 21st century
(IPCC, 2014). Behavioural response to high temperatures might be
more severe in birds that are not well adapted to high temperatures
and are experiencing more severe temperature increases. As
climate change continues to cause an increase in the frequency,
duration and intensity of heatwaves (Dosio et al., 2018), under-
standing how endotherms will behaviourally respond should
become a greater priority.
Acknowledgments

C.M.C. and E.P.D. thanks everyone that facilitated this experi-
ment. David Kidwell from the University of Tennessee Biology
Service Facility designed and constructed the thermal chambers.
GrahamDerryberry designed and set up the recording system used.
C.M.C. had four wonderful undergraduate assistants, Brianna Tyre,
Nathaniel Cagle, Tahira Mohyuddin and Kayci Messerly, who hel-
ped with animal care and song analysis. The Society for Integrative
and Comparative Biology (C.M.C.), the Animal Behavior Society
(C.M.C.), the National Science Foundation (NSF) Graduate Research
Fellowship (C.M.C.), NSF IOS Award 2032412 (E.P.D.) and the Uni-
versity of Tennessee Knoxville all provided necessary funding and
facilities for this project.
References

Anderson, R. C. (2009). Operant conditioning and copulation solicitation display
assays reveal a stable preference for local song by female swamp sparrows
Melospiza georgiana. Behavioral Ecology and Sociobiology, 64, 215e223. https://
doi.org/10.1007/s00265-009-0838-y

Anderson, R. C., Peters, S., & Nowicki, S. (2014). Effects of early auditory experience
on the development of local song preference in female swamp sparrows.
Behavioral Ecology and Sociobiology, 68(3), 437e447. https://doi.org/10.1007/
s00265-013-1658-7

Andersson, M. B. (1994). Sexual selection. Princeton, NJ: Princeton University Press.
Aronov, D., & Fee, M. S. (2012). Natural changes in brain temperature underlie

variations in song tempo during a mating behavior. PLoS One, 7(10), Article
e47856. https://doi.org/10.1371/journal.pone.0047856

Audacity Team. (2020). Audacity (R): Free audio editory and recorder. Retrieved from
https://audacityteam.org/.

Bates, D., M€achler, M., Bolker, B., & Walker, S. (2015). Fitting linear mixed-effects
models using lme4. Journal of Statistical Software, 67(1), 1e48. https://doi.org/
10.18637/jss.v067.i01
Beaulieu, M., & Sockman, K. W. (2012). Song in the cold is ‘hot’: Memory of and
preference for sexual signals perceived under thermal challenge. Biology Letters,
(8), 751e753.

Beeman, K. (1999). SIGNAL. Belmont, MA: Engineering Design.
Burnham, K. P., & Anderson, D. R. (2004). Multimodel inference: Understanding AIC

and BIC in model selection. Sociological Methods & Research, 33(2), 261e304.
https://doi.org/10.1177/0049124104268644

Calder, W. A. (1964). Gaseous metabolism and water relations of the zebra finch,
Taeniopygia castanotis. Physiological Zoology, 37(4), 400e413. Retrieved from
http://www.jstor.org/stable/30152758.

Catchpole, C. K., & Slater, P. J. B. (2008). Bird song: Biological themes and variations.
Cambridge, U.K.: Cambridge University Press.

Ciceran, M., Murray, A. M., & Rowell, G. (1994). Natural variation in the temporal
patterning of calling song structure in the field cricket Gryllus pennsylvanicus:
Effects of temperature, age, mass, time of day, and nearest neighbour. Canadian
Journal of Zoology, 72(1), 38e42. https://doi.org/10.1139/z94-006

Clayton, N., & Pr€ove, E. (1989). Song discrimination in female zebra finches and
Bengalese finches. Animal Behaviour, 38, 352e362. https://doi.org/10.1016/
S0003-3472(89)80096-X

Collins, S. A., Hubbard, C., & Houtman, A. M. (1994). Female mate choice in the zebra
finch: The effect of male beak colour and male song. Behavioral Ecology and
Sociobiology, 35(1), 21e25.

Conradie, S. R., Woodborne, S. M., Cunningham, S. J., & McKechnie, A. E. (2019).
Chronic, sublethal effects of high temperatures will cause severe declines in
southern African arid-zone birds during the 21st century. Proceedings of the
National Academy of Sciences of the United States of America, 116(28),
14065e14070. https://doi.org/10.1073/pnas.1821312116

Coomes, C. M., Danner, R. M., & Derryberry, E. P. (2019). Elevated temperatures
reduce discrimination between conspecific and heterospecific sexual signals.
Animal Behaviour, 147, 9e15. https://doi.org/10.1016/j.anbehav.2018.10.024

Cooper, C. E., Hurley, L. L., Deviche, P., & Griffith, S. C. (2020). Physiological responses
of wild zebra finches (Taeniopygia guttata) to heatwaves. Journal of Experimental
Biology, 223(12), jeb225524. https://doi.org/10.1242/jeb.225524

Cooper, C. E., Hurley, L. L., & Griffith, S. C. (2020). Effect of acute exposure to
high ambient temperature on the thermal, metabolic and hygric physiology of
a small desert bird. Comparative Biochemistry and Physiology A: Molecular
and Integrative Physiology, 244, 110684. https://doi.org/10.1016/j.cbpa.2020.
110684

Cunningham, S. J., Kruger, A. C., Nxumalo, M. P., & Hockey, P. A. R. (2013). Identifying
biologically meaningful hot-weather events using threshold temperatures that
affect life-history. PLoS One, 8(12), Article e82492. https://doi.org/10.1371/
journal.pone.0082492

Cunningham, S. J., Martin, R. O., Hojem, C. L., & Hockey, P. A. R. (2013). Temperatures
in excess of critical thresholds threaten nestling growth and survival in a
rapidly-warming arid savanna: A study of common fiscals. PLoS One, 8(9),
Article e74613. https://doi.org/10.1371/journal.pone.0074613

Danner, R. M., Coomes, C. M., & Derryberry, E. P. (2021). Simulated heat waves
reduce cognitive and motor performance of an endotherm. Ecology and Evolu-
tion, 11(2), 2261e2272.

Dawson, W. (1982). Evaporative losses of water by birds. Comparative Biochemistry
and Physiology A, 71, 495e501.

Dees, L., Hoffman, A. J., & Wada, H. (2019). Alteration of eggshell characteristics due
to maternal heat stress. In Oral presentation at the 2019 Annual Meeting of the
Society for Integrative and Comparative Biololgy, 3e7 January 2019, Tampa, FL,
U.S.A.

Dosio, A., Mentaschi, L., Fischer, E. M., & Wyser, K. (2018). Extreme heat waves under
1.5 �C and 2 �C global warming. Environmental Research Letters, 13(5), Article
054006. https://doi.org/10.1088/1748-9326/aab827

Dunn, A. M., & Zann, R. A. (1996). Undirected song in wild zebra finch flocks:
Contexts and effects of mate removal. Ethology, 102(4), 529e539. https://
doi.org/10.1111/j.1439-0310.1996.tb01145.x

du Plessis, K. L., Martin, R. O., Hockey, P. A. R., Cunningham, S. J., & Ridley, A. R.
(2012). The costs of keeping cool in a warming world: Implications of high
temperatures for foraging, thermoregulation and body condition of an arid-
zone bird. Global Change Biology, 18(10), 3063e3070. https://doi.org/10.1111/
j.1365-2486.2012.02778.x

Etches, R. J., John, T. M., & Gibbins, A. M. (2008). Behavoural, physiological, neuro-
endocrine and molecular responses to heat stress. In N. J. Daghir (Ed.), Poultry
production in hot climates (2nd ed., pp. 48e79). Oxfordshire, U.K.: CAB
International.

Funghi, C., McCowan, L. S. C., Schuett, W., & Griffith, S. C. (2019). High air temper-
atures induce temporal, spatial and social changes in the foraging behaviour of
wild zebra finches. Animal Behaviour, 149, 33e43. https://doi.org/10.1016/
j.anbehav.2019.01.004

Gentner, T. Q., & Hulse, S. H. (2000). Female European starling preference and choice
for variation in conspecific male song. Animal Behaviour, 59, 443e458. https://
doi.org/10.1006/anbe.1999.1313

Gerhardt, H. C. (1978). Temperature coupling in the vocal communication system of
the gray tree frog, Hyla versicolor. Science, 199(4332), 992e994.

Gerson, A. R., Smith, E. K., Smit, B., McKechnie, A. E., & Wolf, B. O. (2014). The impact
of humidity on evaporative cooling in small desert birds exposed to high air
temperatures. Physiological and Biochemical Zoology, 87(6), 782e795. https://
doi.org/10.1086/678956

Gil, D., & Gahr, M. (2002). The honesty of bird song: Multiple constraints for mul-
tiple traits. Trends in Ecology & Evolution, 17(3), 133e141.

https://doi.org/10.1007/s00265-009-0838-y
https://doi.org/10.1007/s00265-009-0838-y
https://doi.org/10.1007/s00265-013-1658-7
https://doi.org/10.1007/s00265-013-1658-7
http://refhub.elsevier.com/S0003-3472(21)00245-1/sref3
https://doi.org/10.1371/journal.pone.0047856
https://audacityteam.org/
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01
http://refhub.elsevier.com/S0003-3472(21)00245-1/sref7
http://refhub.elsevier.com/S0003-3472(21)00245-1/sref7
http://refhub.elsevier.com/S0003-3472(21)00245-1/sref7
http://refhub.elsevier.com/S0003-3472(21)00245-1/sref7
http://refhub.elsevier.com/S0003-3472(21)00245-1/sref8
https://doi.org/10.1177/0049124104268644
http://www.jstor.org/stable/30152758
http://refhub.elsevier.com/S0003-3472(21)00245-1/sref11
http://refhub.elsevier.com/S0003-3472(21)00245-1/sref11
https://doi.org/10.1139/z94-006
https://doi.org/10.1016/S0003-3472(89)80096-X
https://doi.org/10.1016/S0003-3472(89)80096-X
http://refhub.elsevier.com/S0003-3472(21)00245-1/sref14
http://refhub.elsevier.com/S0003-3472(21)00245-1/sref14
http://refhub.elsevier.com/S0003-3472(21)00245-1/sref14
http://refhub.elsevier.com/S0003-3472(21)00245-1/sref14
https://doi.org/10.1073/pnas.1821312116
https://doi.org/10.1016/j.anbehav.2018.10.024
https://doi.org/10.1242/jeb.225524
https://doi.org/10.1016/j.cbpa.2020.110684
https://doi.org/10.1016/j.cbpa.2020.110684
https://doi.org/10.1371/journal.pone.0082492
https://doi.org/10.1371/journal.pone.0082492
https://doi.org/10.1371/journal.pone.0074613
http://refhub.elsevier.com/S0003-3472(21)00245-1/sref21
http://refhub.elsevier.com/S0003-3472(21)00245-1/sref21
http://refhub.elsevier.com/S0003-3472(21)00245-1/sref21
http://refhub.elsevier.com/S0003-3472(21)00245-1/sref21
http://refhub.elsevier.com/S0003-3472(21)00245-1/sref22
http://refhub.elsevier.com/S0003-3472(21)00245-1/sref22
http://refhub.elsevier.com/S0003-3472(21)00245-1/sref22
http://refhub.elsevier.com/S0003-3472(21)00245-1/sref23
http://refhub.elsevier.com/S0003-3472(21)00245-1/sref23
http://refhub.elsevier.com/S0003-3472(21)00245-1/sref23
http://refhub.elsevier.com/S0003-3472(21)00245-1/sref23
http://refhub.elsevier.com/S0003-3472(21)00245-1/sref23
https://doi.org/10.1088/1748-9326/aab827
https://doi.org/10.1111/j.1439-0310.1996.tb01145.x
https://doi.org/10.1111/j.1439-0310.1996.tb01145.x
https://doi.org/10.1111/j.1365-2486.2012.02778.x
https://doi.org/10.1111/j.1365-2486.2012.02778.x
http://refhub.elsevier.com/S0003-3472(21)00245-1/sref27
http://refhub.elsevier.com/S0003-3472(21)00245-1/sref27
http://refhub.elsevier.com/S0003-3472(21)00245-1/sref27
http://refhub.elsevier.com/S0003-3472(21)00245-1/sref27
http://refhub.elsevier.com/S0003-3472(21)00245-1/sref27
https://doi.org/10.1016/j.anbehav.2019.01.004
https://doi.org/10.1016/j.anbehav.2019.01.004
https://doi.org/10.1006/anbe.1999.1313
https://doi.org/10.1006/anbe.1999.1313
http://refhub.elsevier.com/S0003-3472(21)00245-1/sref30
http://refhub.elsevier.com/S0003-3472(21)00245-1/sref30
http://refhub.elsevier.com/S0003-3472(21)00245-1/sref30
https://doi.org/10.1086/678956
https://doi.org/10.1086/678956
http://refhub.elsevier.com/S0003-3472(21)00245-1/sref32
http://refhub.elsevier.com/S0003-3472(21)00245-1/sref32
http://refhub.elsevier.com/S0003-3472(21)00245-1/sref32
http://refhub.elsevier.com/S0003-3472(21)00245-1/sref32


C. M. Coomes, E. P. Derryberry / Animal Behaviour 180 (2021) 13e22 21
Goller, F., & Daley, M. A. (2001). Novel motor gestures for phonation during inspi-
ration enhance the acoustic complexity of birdsong. Proceedings of the Royal
Society B: Biological Sciences, 268(1483), 2301e2305. https://doi.org/10.1098/
rspb.2001.1805

Greenfield, M. D., & Medlock, C. (2007). Temperature coupling as an emergent
property: Parallel thermal effects on male song and female response do not
contribute to species recognition in an acoustic moth. Evolution, 61(7),
1590e1599. https://doi.org/10.1111/j.1558-5646.2007.00140.x

Griffith, S. C., Mainwaring, M. C., Sorato, E., & Beckmann, C. (2016). High atmo-
spheric temperatures and ‘ambient incubation’ drive embryonic development
and lead to earlier hatching in a passerine bird. Royal Society Open Science, 3(2),
150371. https://doi.org/10.1098/rsos.150371

Hauber, M. E., Campbell, D. L. M., & Woolley, S. M. N. (2010). The functional role and
female perception of male song in zebra finches. Emu, 110(3), 209e218. https://
doi.org/10.1071/MU10003

Holveck, M.-J., & Riebel, K. (2007). Preferred songs predict preferred males: Con-
sistency and repeatability of zebra finch females across three test contexts.
Animal Behaviour, 74(2), 297e309. https://doi.org/10.1016/
j.anbehav.2006.08.016

Honarmand, M., Riebel, K., & Naguib, M. (2015). Nutrition and peer group compo-
sition in early adolescence: Impacts on male song and female preference in
zebra finches. Animal Behaviour, 107, 147e158. https://doi.org/10.1016/
j.anbehav.2015.06.017

Houtman, A. E. (1992). Female zebra finches choose extra-pair copulations with
genetically attractive males. Proceedings of the Royal Society of London, Series B:
Biological Sciences, 249(1324), 3e6.

Huey, R. B., Kearney, M. R., Krockenberger, A., Holtum, J. A. M., Jess, M., &
Williams, S. E. (2012). Predicting organismal vulnerability to climate warming:
Roles of behaviour, physiology and adaptation. Philosophical Transactions of the
Royal Society, 367(1596), 1665e1679. https://doi.org/10.1098/rstb.2012.0005

Hurley, L. L., McDiarmid, C. S., Friesen, C. R., Griffith, S. C., & Rowe, M. (2018).
Experimental heatwaves negatively impact sperm quality in the zebra finch.
Proceedings of the Royal Society B: Biological Sciences, 285(1871), 20172547.
https://doi.org/10.1098/RSPB.2017.2547

Iknayan, K. J., & Beissinger, S. R. (2018). Collapse of a desert bird community over the
past century driven by climate change. Proceedings of the National Academy of
Sciences of the United States of America, 115(34), 8597e8602. https://doi.org/
10.1073/pnas.1805123115

IPCC. (2014). Climate Change 2014: Synthesis Report. Contribution of Working Groups
I, II and III to the Fifth Assessment Report of the Intergovernmental Panel on
Climate Change. Geneva, Switzerland: IPCC https://www.ipcc.ch/report/ar5/syr/
.

Jocson, D. M. I., Smeester, M. E., Leith, N. T., Macchiano, A., & Fowler-Finn, K. D.
(2019). Temperature coupling of mate attraction signals and female mate
preferences in four populations of Enchenopa treehopper (Hemiptera: Mem-
bracidae). Journal of Evolutionary Biology, 32(1), 1046e1056. https://doi.org/
10.1111/jeb.13506

Kroodsma, D. E. (1990). Using appropriate experimental designs for intended hy-
potheses in ‘song’ playbacks, with examples for testing effects of song reper-
toire sizes. Animal Behaviour, 40(6), 1138e1150. https://doi.org/10.1016/S0003-
3472(05)80180-0

Lauay, C., Gerlach, N. M., Adkins-Regan, E., & DeVoogd, T. J. (2004). Female zebra
finches require early song exposure to prefer high-quality song as adults. Ani-
mal Behaviour, 68(6), 1249e1255. https://doi.org/10.1016/j.anbehav.2003.12.025

Long, M. A., & Fee, M. S. (2008). Using temperature to analyse temporal dynamics in
the songbird motor pathway. Nature, 456(7219), 189e194. https://doi.org/
10.1038/nature07448

Luther, D., & Danner, R. (2016). Males with larger bills sing at higher rates in a hot
and dry environment. Auk, 133(4), 770e778. https://doi.org/10.1642/AUK-16-6.1

Maney, D. L., Erwin, K. L., & Goode, C. T. (2005). Neuroendocrine correlates of
behavioral polymorphism in white-throated sparrows. Hormones and Behavior,
48(2), 196e206. https://doi.org/10.1016/j.yhbeh.2005.03.004

Mariette, M. M., & Buchanan, K. L. (2016). Prenatal acoustic communication pro-
grams offspring for high posthatching temperatures in a songbird. Science,
353(6301), 812e814. http://science.sciencemag.org/content/sci/353/6301/812.
full.pdf.

Mazerolle, M. J. (2020). AICcmodavg: Model selection and multimodel inference based
on (Q)AIC(c) (R package Version 2.3-1) https://CRAN.R-project.org/
package¼AICcmodavg.

McCormick, S. D., & Bradshaw, D. (2006). Hormonal control of salt and water bal-
ance in vertebrates. General and Comparative Endocrinology, 147(1), 3e8. https://
doi.org/10.1016/j.ygcen.2005.12.009

McKechnie, A. E., Hockey, P. A. R., & Wolf, B. O. (2012). Feeling the heat: Australian
landbirds and climate change. Emu, 112, 1e7. https://doi.org/10.1071/
MUv112n2_ED

McKechnie, A. E., & Wolf, B. O. (2010). Climate change increases the likelihood of
catastrophic avian mortality events during extreme heat waves. Biology Letters,
6(2), 253e256. https://doi.org/10.1098/rsbl.2009.0702

Mitchell, D., Snelling, E. P., Hetem, R. S., Maloney, S. K., Strauss, W. M., & Fuller, A.
(2018). Revisiting concepts of thermal physiology: Predicting responses of
mammals to climate change. Journal of Animal Ecology, 87(4), 956e973. https://
doi.org/10.1111/1365-2656.12818

Neubauer, R. L. (1999). Super-normal length song preferences of female zebra
finches (Taeniopygia guttata) and a theory of the evolution of bird song.
Evolutionary Ecology, 13, 365e380. Retrieved from https://link-springer-com.
proxy.lib.utk.edu:2050/content/pdf/10.1023%2FA%3A1006708826432.pdf.

Pessato, A., McKechnie, A. E., Buchanan, K. L., & Mariette, M. M. (2020). Vocal
panting: A novel thermoregulatory mechanism for enhancing heat tolerance in
a desert-adapted bird. Scientific Reports, 10(1), 1e11. https://doi.org/10.1038/
s41598-020-75909-6

Pr€ove, E. (1974). Der einfluß von kastration und testosteronsubstitution auf das
sexualverhalten m€annlicher zebrafinken (Taeniopygia guttata castanotis Gould).
Journal für Ornithologie, 115, 338e347.

R Core Team. (2017). R: A language and environment for statistical computing. Vienna,
Austria: R Foundation for Statistical Computing. https://www.r-project.org/.

Riebel, K. (2009). Song and female mate choice in zebra finches: A review. Advances
in the Study of Behavior, 40, 197e238. https://doi.org/10.1016/S0065-3454(09)
40006-8

Riebel, K., Odom, K. J., Langmore, N. E., & Hall, M. L. (2019). New insights from fe-
male bird song: Towards an integrated approach to studying male and female
communication roles. Biology Letters, 15(4), 1e7. https://doi.org/10.1098/
rsbl.2019.0059

Riters, L. V. (2010). Evidence for opioid involvement in the motivation to sing.
Journal of Chemical Neuroanatomy, 39(2), 141e150. https://doi.org/10.1016/
j.jchemneu.2009.03.008

Rozenboim, I., Tako, E., Gal-Garber, O., Proudman, J. A., & Uni, Z. (2007). The effect of
heat stress on ovarian function of laying hens. Poultry Science, 86(8), 1760e1765.
https://doi.org/10.1093/ps/86.8.1760

Searcy, W., & Nowicki, S. (2009). The evolution of animal communication. Princeton,
NJ: Princeton University Press.

Searcy, W., Nowicki, S., & Hughes, M. (1997). The response of male and female song
sparrows to geographic variation in song. Condor, 99(3), 651e657. https://
doi.org/10.2307/1370477

Sinervo, B., Mendez-de-la-Cruz, F., Miles, D. B., Heulin, B., Bastiaans, E., Villagran-
Santa Cruz, M., & Sites, J. W. (2010). Erosion of lizard diversity by climate change
and altered thermal niches. Science, 328, 894e899. https://doi.org/10.1126/
science.1184695

Slagsvold, T., & Dale, S. (1994). Why do female pied flycatchers mate with already
mated males: Deception or restricted mate sampling? Behavioral Ecology and
Sociobiology, 34(4), 239e250. https://doi.org/10.1007/s002650050039

Sossinka, R., & B€ohner, J. (1980). Song types in the zebra finch Poephila guttata
castanotis 1. Zeitschrift für Tierpsychologie, 53(2), 123e132. https://doi.org/
10.1111/j.1439-0310.1980.tb01044.x

Speakman, J. R., & Kr�ol, E. (2010). Maximal heat dissipation capacity and hyper-
thermia risk: Neglected key factors in the ecology of endotherms. Journal of
Animal Ecology, 79(4), 726e746. https://doi.org/10.1111/j.1365-
2656.2010.01689.x

Stager, M., Swanson, D. L., & Cheviron, Z. A. (2015). Regulatory mechanisms of
metabolic flexibility in the dark-eyed junco (Junco hyemalis). Journal of Experi-
mental Biology, 218(5), 767e777. https://doi.org/10.1242/jeb.113472

Sullivan, B. K. (1982). Significance of size, temperature and call attributes to sexual
selection in Bufo woodhousei australis. Journal of Herpetology, 16(2), 103e106.

Tattersall, G. J., Andrade, D. V., & Abe, A. S. (2009). Heat exchange from the toucan
bill reveals a controllable vascular thermal radiator. Science, 325(5939),
468e470. https://doi.org/10.1126/science.1175553

Tchernichovski, O., & Mitra, P. P. (2004). Sound analysis pro user manual. New York,
NY: City College of New York.

Tchernichovski, O., Nottebohm, F., Elizabeth, C. H., Pesaran, B., & Pratim Mitra, P.
(2000). A procedure for an automated measurement of song similarity. Animal
Behaviour, 59, 1167e1176. https://doi.org/10.1006/anbe.1999.1416

ten Cate, C., Verzijden, M. N., & Etman, E. (2006). Sexual imprinting can induce
sexual preferences for exaggerated parental traits. Current Biology, 16(11),
1128e1132. https://doi.org/10.1016/j.cub.2006.03.068

van Dyk, M., Noakes, M. J., & McKechnie, A. E. (2019). Interactions between hu-
midity and evaporative heat dissipation in a passerine bird. Journal of
Comparative Physiology B: Biochemical, Systemic, and Environmental Physiology,
189(2), 299e308. https://doi.org/10.1007/s00360-019-01210-2

Venables, W. N., & Ripley, B. D. (2002).Modern applied statistics with S (4th ed.). New
York, NY: Springer.

Wingfield, J. C., & Farner, D. S. (1976). Avian endocrinology: Field investigations and
methods. Condor, 78(4), 570e573. Retrieved from http://www.jstor.org/stable/
1367117.

Wojciechowski, M. S., Kowalczewska, A., Colominas-Ciur�o, R., & Jefimow, M. (2020).
Phenotypic flexibility in heat production and heat loss in response to thermal
and hydric acclimation in the zebra finch, a small arid-zone passerine. Journal of
Comparative Physiology B: Biochemical, Systemic, and Environmental Physiology,
191(1), 225e239. https://doi.org/10.1007/s00360-020-01322-0

Woodgate, J. L., Mariette, M. M., Bennett, A. T. D., Griffith, S. C., & Buchanan, K. L.
(2012). Male song structure predicts reproductive success in a wild zebra finch
population. Animal Behaviour, 83(3), 773e781. https://doi.org/10.1016/
j.anbehav.2011.12.027

Xie, S., Romero, L. M., Htut, Z. W., & McWhorter, T. J. (2017). Stress responses to heat
exposure in three species of Australian desert birds. Physiological and
Biochemical Zoology, 90(3), 348e358. https://doi.org/10.1086/690484

Zann, R. A. (1996). The zebra finch: A synthesis of field and laboratory studies. Oxford,
U.K.: Oxford University Press.

Zweifel, R. G. (1959). Effect of temperature on call of the frog (pp. 322e327). Copeia:
Bombina variegata.

https://doi.org/10.1098/rspb.2001.1805
https://doi.org/10.1098/rspb.2001.1805
https://doi.org/10.1111/j.1558-5646.2007.00140.x
https://doi.org/10.1098/rsos.150371
https://doi.org/10.1071/MU10003
https://doi.org/10.1071/MU10003
https://doi.org/10.1016/j.anbehav.2006.08.016
https://doi.org/10.1016/j.anbehav.2006.08.016
https://doi.org/10.1016/j.anbehav.2015.06.017
https://doi.org/10.1016/j.anbehav.2015.06.017
http://refhub.elsevier.com/S0003-3472(21)00245-1/sref39
http://refhub.elsevier.com/S0003-3472(21)00245-1/sref39
http://refhub.elsevier.com/S0003-3472(21)00245-1/sref39
http://refhub.elsevier.com/S0003-3472(21)00245-1/sref39
https://doi.org/10.1098/rstb.2012.0005
https://doi.org/10.1098/RSPB.2017.2547
https://doi.org/10.1073/pnas.1805123115
https://doi.org/10.1073/pnas.1805123115
https://www.ipcc.ch/report/ar5/syr/
https://doi.org/10.1111/jeb.13506
https://doi.org/10.1111/jeb.13506
https://doi.org/10.1016/S0003-3472(05)80180-0
https://doi.org/10.1016/S0003-3472(05)80180-0
https://doi.org/10.1016/j.anbehav.2003.12.025
https://doi.org/10.1038/nature07448
https://doi.org/10.1038/nature07448
https://doi.org/10.1642/AUK-16-6.1
https://doi.org/10.1016/j.yhbeh.2005.03.004
http://science.sciencemag.org/content/sci/353/6301/812.full.pdf
http://science.sciencemag.org/content/sci/353/6301/812.full.pdf
https://CRAN.R-project.org/package=AICcmodavg
https://CRAN.R-project.org/package=AICcmodavg
https://CRAN.R-project.org/package=AICcmodavg
https://doi.org/10.1016/j.ygcen.2005.12.009
https://doi.org/10.1016/j.ygcen.2005.12.009
https://doi.org/10.1071/MUv112n2_ED
https://doi.org/10.1071/MUv112n2_ED
https://doi.org/10.1098/rsbl.2009.0702
https://doi.org/10.1111/1365-2656.12818
https://doi.org/10.1111/1365-2656.12818
https://link-springer-com.proxy.lib.utk.edu:2050/content/pdf/10.1023%2FA%3A1006708826432.pdf
https://link-springer-com.proxy.lib.utk.edu:2050/content/pdf/10.1023%2FA%3A1006708826432.pdf
https://doi.org/10.1038/s41598-020-75909-6
https://doi.org/10.1038/s41598-020-75909-6
http://refhub.elsevier.com/S0003-3472(21)00245-1/sref58
http://refhub.elsevier.com/S0003-3472(21)00245-1/sref58
http://refhub.elsevier.com/S0003-3472(21)00245-1/sref58
http://refhub.elsevier.com/S0003-3472(21)00245-1/sref58
http://refhub.elsevier.com/S0003-3472(21)00245-1/sref58
http://refhub.elsevier.com/S0003-3472(21)00245-1/sref58
http://refhub.elsevier.com/S0003-3472(21)00245-1/sref58
https://www.r-project.org/
https://doi.org/10.1016/S0065-3454(09)40006-8
https://doi.org/10.1016/S0065-3454(09)40006-8
https://doi.org/10.1098/rsbl.2019.0059
https://doi.org/10.1098/rsbl.2019.0059
https://doi.org/10.1016/j.jchemneu.2009.03.008
https://doi.org/10.1016/j.jchemneu.2009.03.008
https://doi.org/10.1093/ps/86.8.1760
http://refhub.elsevier.com/S0003-3472(21)00245-1/sref64
http://refhub.elsevier.com/S0003-3472(21)00245-1/sref64
https://doi.org/10.2307/1370477
https://doi.org/10.2307/1370477
https://doi.org/10.1126/science.1184695
https://doi.org/10.1126/science.1184695
https://doi.org/10.1007/s002650050039
https://doi.org/10.1111/j.1439-0310.1980.tb01044.x
https://doi.org/10.1111/j.1439-0310.1980.tb01044.x
https://doi.org/10.1111/j.1365-2656.2010.01689.x
https://doi.org/10.1111/j.1365-2656.2010.01689.x
https://doi.org/10.1242/jeb.113472
http://refhub.elsevier.com/S0003-3472(21)00245-1/sref71
http://refhub.elsevier.com/S0003-3472(21)00245-1/sref71
http://refhub.elsevier.com/S0003-3472(21)00245-1/sref71
https://doi.org/10.1126/science.1175553
http://refhub.elsevier.com/S0003-3472(21)00245-1/sref73
http://refhub.elsevier.com/S0003-3472(21)00245-1/sref73
https://doi.org/10.1006/anbe.1999.1416
https://doi.org/10.1016/j.cub.2006.03.068
https://doi.org/10.1007/s00360-019-01210-2
http://refhub.elsevier.com/S0003-3472(21)00245-1/sref77
http://refhub.elsevier.com/S0003-3472(21)00245-1/sref77
http://www.jstor.org/stable/1367117
http://www.jstor.org/stable/1367117
https://doi.org/10.1007/s00360-020-01322-0
https://doi.org/10.1016/j.anbehav.2011.12.027
https://doi.org/10.1016/j.anbehav.2011.12.027
https://doi.org/10.1086/690484
http://refhub.elsevier.com/S0003-3472(21)00245-1/sref82
http://refhub.elsevier.com/S0003-3472(21)00245-1/sref82
http://refhub.elsevier.com/S0003-3472(21)00245-1/sref83
http://refhub.elsevier.com/S0003-3472(21)00245-1/sref83
http://refhub.elsevier.com/S0003-3472(21)00245-1/sref83


C. M. Coomes, E. P. Derryberry / Animal Behaviour 180 (2021) 13e2222
Appendix

Table A1

Estimated fixed effects of female choice

Fixed effects Estimate SE z P

Intercept 4.96 0.34 14.35 <0.0001
35 ºC �0.18 0.06 �2.76 0.006
T119 �0.23 0.1 �2.28 0.02
T123 �0.83 0.12 �7.04 <0.0001
T124 0.5 0.06 8.31 <0.0001
T127 �0.3 0.1 �3.02 0.002
T129 �0.96 0.1 �9.25 <0.0001
T163 �0.68 0.1 �7.04 <0.0001
T165 �0.31 0.12 �2.6 0.009
T171 0.25 0.09 2.72 0.006
T172 �0.02 0.1 �0.19 0.84
35 ºC:T119 �0.46 0.11 �3.92 <0.0001
35 ºC:T123 0.5 0.11 4.4 <0.0001
35 ºC:T124 �0.01 0.08 �0.11 0.91
35 ºC:T127 0.07 0.08 0.83 0.41
35 ºC:T129 0.48 0.09 5.25 <0.0001
35 ºC:T163 0.78 0.07 10.38 <0.0001
35 ºC:T165 �0.39 0.11 �3.33 0.0008
35 ºC:T171 �0.03 0.077 �0.37 0.71
35 ºC:T172 �0.77 0.08 �9.59 <0.0001

T119eT172 denote bird IDs.
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