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Rising temperatures and anthropogenic noise are two of the most pervasive and well 
researched anthropogenic stressors affecting avian species globally. Despite often trig-
gering similar behavioural responses in birds, and frequently co-occurring (particularly 
in urban areas), the impact of these stressors are primarily investigated in isolation. 
Here, we discuss and compare the most commonly researched effects of anthropo-
genic noise and rising temperatures on avian behaviour. We then outline recent find-
ings on the impacts of these two stressors on cognition in birds, which underpins 
many behavioural adjustments. We find that both anthropogenic noise and high tem-
peratures, when investigated in isolation, impact avian behaviours such as foraging, 
the antipredator response, and interactions with conspecifics. We also find that both 
these stressors can lead to cognitive impairment, but the occurrence and magnitude of 
impairment varies depending on the cognitive trait examined. Finally, we discuss the 
limited studies that have investigated these two anthropogenic stressors simultaneously 
and outline different scenarios in which additive, synergistic, or antagonistic effects of 
these stressors may occur. We hope our review will stimulate researchers to investigate 
the simultaneous effects of these and other anthropogenic stressors on the behaviour 
and cognition of urban-living wild birds.

Keywords: anthropogenic noise, behaviour, birds, climate change, cognition, 
multiple stressors, rising temperatures

Introduction

Human-induced rapid environmental change is altering the world at an unprec-
edented rate, with wide-ranging effects across species (United Nations 2019, IPCC 
2023). Many anthropogenic stressors are known to affect animals; including artifi-
cial light (Rich and Longcore 2005), noise pollution (Shannon et al. 2016), chemi-
cal pollution (Richard et al. 2021), habitat fragmentation (Pimm and Raven 2000), 
and climate change (Thomas  et  al. 2004). These stressors rarely occur in isolation, 
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yet studies seldom investigate the impact of multiple stressors 
simultaneously (Browning et al. 2021, Richard et al. 2021, 
Verrelli  et  al. 2022, Lopez  et  al. 2023, Sumasgutner  et  al. 
2023). One study that has investigated the simultaneous 
occurrence of multiple anthropogenic stressors found that 
across 140 bird species in North America, 70% of species that 
showed changes in abundance due to anthropogenic noise 
also displayed changes in abundance due to artificial light. 
Furthermore, artificial light acted synergistically to exacer-
bate the effects of anthropogenic noise on avian abundance, 
and some species only exhibited declines in abundance when 
both stressors occurred together (Wilson  et  al. 2021). This 
highlights the importance of considering multiple anthro-
pogenic stressors together, as studies investigating a single 
stressor may significantly underestimate the pressures faced 
by wild animal populations from anthropogenic influences.

Two anthropogenic stressors that often co-occur, partic-
ularly in urban environments due to denser human popula-
tions and the urban heat island effect (Oke 1982), are high 
temperatures and anthropogenic noise (Kousis and Pisello 
2020, Sumasgutner et al. 2023). As well as both being prev-
alent in urban areas, these stressors are currently increas-
ing at record rates. Global temperatures have increased by 
an average of 0.18°C per decade since 1981 (IPCC 2023, 
NOAA National Centers for Environmental Information 
2023), leading to a concomitant increase in the frequency 
of heatwaves (IPCC 2023). During heatwaves, environ-
mental temperatures can exceed an organism’s thermo-
regulatory capacity, leading to heat stress and ultimately 
death (Bradshaw 2003). However, even before experienc-
ing heat stress, behavioural adjustments adopted by ani-
mals to cope with increased temperatures can indirectly 
reduce fitness (Cunningham  et  al. 2021). Anthropogenic 
noise, defined as any noise arising from human activities, is 
similarly increasing at an unprecedented rate due to grow-
ing human populations, urban expansion, and increasing 
resource extraction (Shannon et al. 2016, Kok et al. 2023). 
The World Health Organisation considers anthropogenic 
noise to be one of the most serious forms of pollution 
globally, with wide-ranging effects reported in species 
across both aquatic and terrestrial ecosystems (World 
Health Organization. Regional Office for Europe 2011, 
Shannon et al. 2016). While anthropogenic noise is most 
prevalent in urban areas, many studies have found noise to 
be an issue even in remote areas removed from urbanisation 
(Barber et al. 2011, Buxton et al. 2017, 2019).

Rising temperatures and anthropogenic noise have both 
been linked to changes in demography, distribution, phe-
nology, and behaviour across taxa, with birds being one of 
the most well-studied taxonomic groups for this research 
(Shannon  et  al. 2016, Cunningham  et  al. 2021). Indeed, 
similar demographic and behavioural responses are often seen 
in birds due to both rising temperatures and anthropogenic 
noise, as outlined in this review. Population-level changes in 
distribution and demography due to rising temperatures and 
anthropogenic noise are often underpinned by behavioural 
changes as individuals attempt to adjust to the prevailing 

environmental conditions (Buchholz et al. 2019). For exam-
ple, movement of individuals away from noisier areas gen-
erally results in reduced abundance and species richness 
(McClure et al. 2013, Proppe et al. 2013, Perillo et al. 2017). 
Some of these behavioural changes may be underpinned by 
cognitive processes (Griffin et al. 2017, Sol et al. 2020, Lee 
and Thornton 2021). Cognition is defined as all the ways in 
which animals perceive, process, store, and act on informa-
tion from their environment (Shettleworth 2010). Through 
its underlying effect on behavioural plasticity, cognition is 
thought to underpin how individuals respond to novel con-
texts and stressors (Mettke-Hofmann 2014, Griffin  et  al. 
2017, Potvin 2017, Szabo  et  al. 2020, Lee and Thornton 
2021), such as rising temperatures and anthropogenic noise 
(Lee and Thornton 2021, Blackburn et  al. 2023). In addi-
tion, urban environments often present novel cognitive chal-
lenges (Lee and Thornton 2021), meaning cognition is likely 
to be important in urban areas where anthropogenic noise 
is prevalent and environmental temperatures are on average 
higher (Kousis and Pisello 2020). In support of this idea, a 
recent study on wild great tits Parus major found that spe-
cific genes involved in the regulation of cognitive processes 
were consistently selected for in urban tit populations across 
Europe, suggesting that cognitive traits are under adaptive 
selection in this setting (Salmón et  al. 2021). Investigation 
into the behavioural and cognitive changes that occur when 
exposed to rising temperatures and anthropogenic noise is 
therefore vital for our understanding of the effects of these 
stressors on wildlife populations, particularly those dwelling 
in urban environments.

Thus far, birds have been the primary subject of research 
on the impacts of anthropogenic noise on wild animals, likely 
due to their reliance on acoustic communication; a recent 
review found that 37% of studies on anthropogenic noise 
focused on avian species (Shannon  et  al. 2016). There is 
also extensive evidence of the impacts of global warming on 
bird populations: their relatively small body size and often 
diurnal lifestyle makes birds highly susceptible to lethal heat 
stress (McKechnie and Wolf 2010, du Plessis  et  al. 2012, 
Cunningham et al. 2021). Therefore, investigating the com-
bined effect of these two stressors, both of which are known 
to independently have similar adverse effects on avian species, 
is crucial. Evidence is now also emerging for the impacts of 
both high temperatures and anthropogenic noise on avian 
cognition (Osbrink  et  al. 2021, Blackburn  et  al. 2022, 
Soravia et al. 2023, 2024, Templeton et al. 2023). Despite 
this, only two studies to our knowledge have simultaneously 
investigated the effects of these two stressors on avian behav-
iour (Caorsi et al. 2019, Blackburn et al. 2024b), and none 
have investigated their effects on cognition in birds.

Here, we first provide a brief overview of the typical 
behavioural responses of wild birds to rising temperatures 
and anthropogenic noise; we then highlight how we believe 
both of these stressors result in similar demographic and 
behavioural changes. As the ability to adaptively adjust 
behaviour is directly influenced by the cognitive processes 
that underlie behavioural responses, we then discuss evidence 

 1600048x, 2024, 11-12, D
ow

nloaded from
 https://nsojournals.onlinelibrary.w

iley.com
/doi/10.1111/jav.03256 by U

niversity O
f C

hester, W
iley O

nline L
ibrary on [08/10/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Page 3 of 14

JA
B Review

 A
w

ardJA
B 

Re
vi

ew
 A

w
ar

d

for direct impacts of high temperatures and anthropogenic 
noise on cognition. Our focus is on behaviour generally, but 
with an emphasis on cognition, which can be quantified via 
behavioural variation (i.e. performance on cognitive tasks), 
but is additionally important as a mechanism underpinning 
more general patterns of behavioural responses to environ-
mental change and is an increasing focus in natural popula-
tions (Lee and Thornton 2021, Ducatez et al. 2022). Finally, 
we outline potential compound effects of these stressors on 
behaviour and cognition in birds and suggest directions for 
future research on the simultaneous impact of anthropogenic 
stressors on wild, urban-living animal populations.

Behavioural responses of birds to high temperatures

As environmental temperatures increase, endotherms 
simultaneously adopt physiological and behavioural ther-
moregulatory responses, which are closely interconnected, 
to maintain homeothermy (Mitchell  et  al. 2018). A pri-
mary behavioural response is the display of heat dissipa-
tion behaviours that increase evaporative cooling, such as 
panting, wingspreading, or gular fluttering (McKechnie 
and Wolf 2019). These behaviours are typically observed 
under environmental temperatures that approach or exceed 
the temperature of the body surface (hereafter referred to 
as ‘high temperatures’) preventing passive heat loss to the 
environment and thus making evaporative cooling the main 
means to dissipate excess heat (Mitchell et al. 2018). Other 
typical behavioural thermoregulatory responses include 
seeking cooler microclimates (Luther and Danner 2016, 
Funghi  et  al. 2019, Sharpe  et  al. 2019, 2022, Ruth et  al. 
2020) and changing the timing of activity to avoid the hot-
test hours of the day (Silva et al. 2015, Cooper et al. 2019, 
Ruth et al. 2020, Mansouri et al. 2021). Heat dissipation 
behaviours and changes to habitat use and phenology can 
buffer individuals against heat stress but are often traded 
off against other behaviours such as predator avoidance 
(Tryjanowski et al. 2022, Gutiérrez et al. 2023, Brivio et al. 
2024) or foraging (du Plessis  et  al. 2012, Edwards  et  al. 
2015, Sharpe et al. 2019, van de Ven et al. 2019, Ruth et al. 
2020). Therefore, these behavioural adjustments can carry 
sublethal costs (Cunningham  et  al. 2021). For example, 
reduced foraging effort or efficiency in the heat can lead 
to declines in body condition (du Plessis  et  al. 2012, 
Gardner  et  al. 2016) and offspring provisioning (Clark 
1987, Wiley and Ridley 2016, Garcia-Heras  et  al. 2017). 
Additionally, increased thermal load and dehydration risk 
while incubating (Bourne et al. 2021) or flying (Nord and 
Nilsson 2019, Tapper et al. 2020) may reduce nest atten-
dance; and together, these sublethal temperature effects 
have the potential to lead to reductions in breeding suc-
cess (Bourne et al. 2020, Pattinson et al. 2022, Corregidor-
Castro et al. 2023). Ultimately, cumulative sublethal effects 
of behavioural adjustments under high temperatures are 
predicted to drive population declines in a number of 
bird populations worldwide (Conradie  et  al. 2019, 2020, 
Riddell et al. 2021, Ridley et al. 2021).

Behavioural responses of birds to anthropogenic 
noise

Many studies looking at the effects of anthropogenic noise on 
birds focus on acoustic communication, with the majority of 
these studies finding an increase in the minimum frequency of 
vocalisations during noise (Roca et al. 2016, Duquette et al. 
2021), though alterations to the timing, amplitude, struc-
ture, duration, and other frequency parameters of vocalisa-
tions are also reported (Nemeth and Brumm 2009, Brumm 
and Zollinger 2011, Francis et al. 2011, Proppe et al. 2011, 
Potvin and Mulder 2013, Roca  et  al. 2016, Kunc and 
Schmidt 2021, Kunc  et  al. 2022, Blackburn  et  al. 2023, 
2024a). While such alterations may minimise acoustic mask-
ing and therefore help in maintaining communication when 
anthropogenic noise is present, these changes to vocalisation 
parameters may also affect the meaning and interpretation 
of these vocal signals by conspecifics (Brumm and Ritschard 
2011, Ritschard  et  al. 2012, Huet des Aunay  et  al. 2014, 
Ansell et al. 2020, Gomes et al. 2022). Experimental studies 
have also found altered responsiveness to alarm calls (Grade 
and Sieving 2016, Templeton et al. 2016, Zhou et al. 2019), 
and conspecific intruder songs when anthropogenic noise is 
present (Phillips and Derryberry 2018, Grabarczyk and Gill 
2019, Wolfenden et al. 2019), revealing a significant impact 
of anthropogenic noise on vocal communication. Behavioural 
changes of individuals, both at night (for example disrupted 
sleep; Connelly  et  al. 2020, Grunst  et  al. 2021), and dur-
ing the day (for example reduced foraging and increased 
vigilance; Quinn et al. 2006, Evans et al. 2018, Sweet et al. 
2022, Blackburn  et  al. 2023) have also been documented. 
These behavioural changes are hypothesized to occur either 
because 1) individuals perceive man-made noise as a stress-
ful or threatening stimulus, 2) anthropogenic noise may dis-
tract individuals, diverting limited attentional resources, or 
3) anthropogenic noise may mask important auditory cues, 
leading to increased vigilance and reliance on visual (rather 
than auditory) cues (Kern and Radford 2016).

Comparing the impact of high temperatures 
and anthropogenic noise on wild bird 
populations

Species abundance and distribution

The first response available to individuals experiencing a 
stressor such as anthropogenic noise or high temperatures is 
to move away from that stressor (Stillman 2019). Distribution 
shifts have been attributed to rising temperatures, with birds 
generally showing latitudinal shifts away from hotter areas 
(Chen  et  al. 2011) or shifts to higher elevations in moun-
tain bird communities (Freeman et al. 2018). These changes 
in distribution may be driven by behavioural changes in the 
face of increasing temperatures (Johnston et al. 2019), with 
species living close to their upper thermal tolerance limits 
having to retreat to cooler areas. Distributional changes can 
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also indirectly result from adjustments in phenology, due 
to changes in the timing of migration (Hurlbert and Liang 
2012, Neate-Clegg and Tingley 2023) or initiation of breed-
ing (Charmantier et al. 2008, Visser et al. 2009, Marrot et al. 
2018) in response to rising temperatures, either because 
temperature directly acts as a cue to initiate these behaviours 
(Visser et al. 2009, Burnside et al. 2021) or indirectly drives 
food availability, which may constrain these life-history deci-
sions (Wesołowski et al. 2021). At a local level, birds also alter 
their habitat use, preferring areas that are shaded and/or closer 
to water sources (Luther and Danner 2016, van de Ven et al. 
2019, Ruth et al. 2020, Sharpe et al. 2022, Tryjanowski et al. 
2022). Anthropogenic noise can similarly affect habitat use, 
with a number of bird species moving away from areas with 
high levels of anthropogenic noise (McClure  et  al. 2013, 
McLaughlin and Kunc 2013, Ware et al. 2015, Kleist et al. 
2017), and many therefore exhibiting lower abundance in 
noisier areas (Goodwin and Shriver 2011, McClure  et  al. 
2013, Wilson et al. 2021). Avoidance of noisy areas may arise 
if animals perceive noise as a threat or may be due to a similar 
mechanism to that of heat; birds close to their upper thresh-
old of noise tolerance may retreat to quieter areas where 
behaviours such as foraging and communication will be less 
compromised. We can therefore expect that the combination 
of rising temperatures and anthropogenic noise might further 
drive local declines or displacement of bird populations.

Behavioural trade-offs: foraging and provisioning 
behaviour

When avoidance of a stressor is not possible, individuals 
may employ physiological and behavioural adjustments to 
cope with that stressor. At high temperatures, this results 
in reduced activity levels and an increase in heat dissipation 
behaviours (Edwards  et  al. 2015, van de Ven  et  al. 2019, 
Ruth  et  al. 2020). For anthropogenic noise, this results in 
increased vigilance (Evans  et  al. 2018, Merrall and Evans 
2020). Both heat dissipation behaviours and increased 
vigilance are often traded-off against foraging in birds (du 
Plessis et al. 2012, Edwards et al. 2015, Evans et al. 2018, 
Merrall and Evans 2020). Additionally, altered microsite 
use during high temperatures may reduce foraging oppor-
tunities (Cunningham  et  al. 2015, 2021). Reduced forag-
ing efficiency may also be observed during anthropogenic 
noise if such noise masks the sounds used to localise prey 
(Floyd and Woodland 1981, Senzaki et al. 2016). In Western 
Australian magpies Gymnorhina tibicen dorsalis, for example, 
temperatures above 27°C resulted in an increase in heat dis-
sipation behaviours, and a decrease in time spent foraging 
(Edwards et al. 2015). In this same species, broadband noise 
broadcast at 85 dB impaired the ability of birds to locate 
subterranean prey, with birds locating 70% of prey when 
no noise was played, but only 15% when broadband noise 
was played (Floyd and Woodland 1981). Similarly, zebra 
finches Taeniopygia guttata were found to reduce their forag-
ing behaviour during both natural heatwaves (Cooper et al. 
2019) and loud artificial broadband noise (Evans et al. 2018). 

These studies highlight the possibility that the simultaneous 
occurrence of anthropogenic noise and heat could exacerbate 
the decline in foraging ability in wild bird populations.

Reductions in foraging behaviour have the potential to 
lead to declines in offspring provisioning, a phenomenon 
that has been documented in various avian species under 
high temperatures (Clark 1987, Wiley and Ridley 2016, 
Garcia-Heras et al. 2017). The effect of anthropogenic noise 
on provisioning is less clear, with some studies finding no 
alterations to provisioning in noise (Injaian et al. 2018), and 
others finding that the effect of noise changes with breeding 
stage (Pandit et al. 2021). The energetic costs associated with 
provisioning offspring in the presence of anthropogenic noise 
may not be as high as those associated with provisioning in 
heat (Tapper et al. 2020), which may be why we do not see 
consistent changes to provisioning under noise. However, 
when paired with high temperatures, anthropogenic noise 
might still pose indirect costs to birds during breeding (Wiley 
and Ridley 2016, Phillips et al. 2018).

Behavioural trade-offs: predator defence

Disruptions to the anti-predator response have been reported 
across avian species due to anthropogenic noise (Grade and 
Sieving 2016, Templeton et al. 2016, Antze and Koper 2018, 
Zhou  et  al. 2019, Blackburn  et  al. 2023). In superb fairy-
wrens Malurus cyaneus, a reduction in the proportion of indi-
viduals fleeing to cover was seen following playback of alarm 
calls with background noise that overlapped in frequency, 
suggesting disruption to the alarm response in this species is 
due to acoustic masking (Zhou et al. 2019). While the mech-
anism behind reduced anti-predator responses due to noise is 
not always clear (Grade and Sieving 2016, Templeton et al. 
2016, Antze and Koper 2018, Blackburn et al. 2023), stud-
ies have consistently shown a detrimental effect of anthropo-
genic noise on the anti-predator response of birds.

During high temperatures, birds may be forced to trade-
off thermoregulation against predation risk, thus running the 
risk of hyperthermia or predation (Cunningham et al. 2021). 
A survey of 51 bird species revealed that birds inhabiting 
urban environments were more likely to use water sources 
at higher air temperatures, but were less likely to do so when 
sparrowhawks Accipiter nisus were present (Tryjanowski et al. 
2022). Additionally, across 16 species of shorebirds, flight 
initiation distance was found to decrease with increasing 
air temperature, likely due to the energetic cost of running 
and flying, and was shorter when birds were displaying heat 
dissipation behaviours (Gutiérrez  et  al. 2023). Research in 
wild great tits has also found that individuals emitted fewer 
mobbing calls in response to conspecific mobbing calls when 
air temperature was higher, and approached the speaker less 
when the mean air temperature in the several hours before 
playback was higher, suggesting high temperatures can reduce 
the anti-predator response of birds (Cordonnier et al. 2023). 
It remains possible that thermoregulatory responses such as 
shade-seeking behaviour can themselves reduce the need to 
engage in antipredator responses, as these thermoregulatory 
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responses may make it less likely to encounter predators. 
Future research investigating this possibility is therefore nec-
essary. Nevertheless, as a reduced anti-predator response in 
great tits has also been observed in the presence of traffic 
noise (Templeton et al. 2016), investigating the effect of these 
two stressors simultaneously on the anti-predator response is 
essential, as reductions to the anti-predator response have the 
potential to directly affect the survival and thus the viability 
of populations.

Behavioural trade-offs: interactions with 
conspecifics

Anthropogenic environmental change can affect how animals 
behave and move through their environments, and in turn can 
affect the type and number of social interactions individuals 
have (Blumstein et al. 2023). Accordingly, high temperatures 
and anthropogenic noise have been found to affect respon-
siveness to conspecifics in bird species (Wolfenden  et  al. 
2019, Ruth et al. 2020). High air temperatures often lead to 
reduced activity levels (Edwards et al. 2015, Silva et al. 2015, 
Cooper et al. 2019), which may limit opportunities for social 
interactions. In grasshopper sparrows Ammodramus savanna-
rum ammolegus for example, a cessation of territory defence 
behaviours was observed above 35°C (Ruth et al. 2020). While 
high temperatures often lead individuals to reduce their ter-
ritorial defence behaviours, increases in anthropogenic noise 
can invoke increased territorial defence behaviours, with 
house wrens Troglodytes aedon, chiffchaffs Phylloscopus colly-
bita, and white-crowned sparrow wrens Zonotrichia leucoph-
rys all responding more aggressively to conspecific intruder 
songs in noisier conditions (Phillips and Derryberry 2018, 
Grabarczyk and Gill 2019, Wolfenden et al. 2019). Increased 
aggression during anthropogenic noise may be due to either 
increased stress or an inability to accurately assess intruder 
quality in noise (Grabarczyk and Gill 2019, Wolfenden et al. 
2019). Given that high temperatures and anthropogenic 
noise generally produce contradictory effects on territory 
defence, their combined effect is currently indeterminable 
and warrants further research.

For many bird species, song production is used for both 
courtship and territory defence (Nowicki and Searcy 2004), 
and thus reduced song production during high temperatures 
may have significant impacts on mate preference and selec-
tion. For example, in captive zebra finches at experimentally 
increased temperatures (43°C), males produced fewer songs, 
with shorter syllables, despite evidence suggesting that female 
zebra finches prefer songs with longer syllables (Coomes and 
Derryberry 2021). In this same species, disruptions to mate 
preference resulted from white noise playback (Swaddle and 
Page 2007), whereby females lost preference for their pair-
bonded male when playback was loud. These studies sug-
gest that the concomitant effects of high temperatures and 
anthropogenic noise have the potential to disrupt mating 
patterns in this, and other, species.

Changes to acoustic communication and conspecific 
interactions might have consequences for social stability in 

some species. For example, a social network analysis revealed 
that under high operative temperatures wild sociable weav-
ers Philetairus socius increased panting and lowered their 
association with conspecifics during foraging; as a result, the 
social structure of the colony was less cohesive on hot days 
(Rat et al. 2020). Whether the presence of noise has a simi-
lar effect on social structure remains to be determined, and 
future studies adopting social network analyses in the pres-
ence of noise are warranted.

Effects of high temperatures and anthropogenic 
noise on individual fitness

Both high temperatures and anthropogenic noise can affect 
reproductive success in birds, in some cases via similar 
underlying processes, such as impaired nestling growth or 
development (Schroeder et al. 2012, Andreasson et al. 2020, 
Bourne et al. 2020). Reduced offspring growth may be due 
either to increased stress in nestlings or adults caused by these 
anthropogenic stressors (Kleist  et  al. 2018, Bourne  et  al. 
2020) or reduced parental care (Clark 1987, Lucass  et  al. 
2016, Wiley and Ridley 2016, Garcia-Heras  et  al. 2017). 
In southern pied babblers Turdoides bicolor for example, 
mean daily maximum air temperatures over 38oC during the 
nestling period result in complete brood failure, likely due 
to reduced provisioning by adults (Wiley and Ridley 2016) 
paired with direct effects of high temperatures on nestling 
growth (Bourne et al. 2020). Similarly, complete egg mor-
tality has been seen in wild jacky winters Microeca fascinans 
above 42.5°C (Sharpe et al. 2021), and reductions in repro-
ductive success due to high air temperatures have also been 
documented in yellow-billed hornbills Tockus leucomelas (van 
de Ven  et  al. 2020, Pattinson  et  al. 2022), sociable weav-
ers (D’Amelio  et  al. 2022), lesser kestrels Falco naumanni 
(Corregidor-Castro  et  al. 2023), tree swallows Tachycineta 
bicolor, and house wrens (Riggio et al. 2023). Comparable 
reductions in reproductive success due to anthropogenic noise 
have also been observed. For example, house sparrows Passer 
domesticus nesting in noisier areas produce fewer young than 
those nesting in quieter areas, an effect thought to be due to 
increased physiological stress of chicks in noise, or impaired 
parent–offspring communication due to acoustic masking 
(Schroeder  et  al. 2012). While reductions in reproductive 
success due to anthropogenic noise have also been found 
in great tits (Halfwerk et al. 2011), eastern bluebirds Sialia 
sialis (Kight et al. 2012), ash-throated flycatchers Myiarchus 
cinerascens (Mulholland  et  al. 2018), savannah sparrows 
Passerculus sandwichensis, and Sprague’s pipits Anthus 
spragueii (Rosa and Koper 2022), in some species no effect 
of anthropogenic noise has been found (Mulholland et  al. 
2018, MacLeod et al. 2022, Monniez et al. 2022, Rosa and 
Koper 2022), suggesting the effect of noise on reproductive 
success may be species or context-specific. Of these studies, 
only one considered an additional anthropogenic stressor; 
habitat fragmentation (Monniez et al. 2022). Monniez et al. 
(2022) found an interaction between vegetation cover and 
noise levels, whereby blue tits Cyanistes caeruleus that bred in 
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noisy areas only experienced a decline in reproductive suc-
cess if these areas also had low vegetation cover, emphasizing 
the need to conduct studies considering multiple anthropo-
genic stressors.

Evidence for impacts of high temperatures and 
anthropogenic noise on cognition

While rising temperatures and anthropogenic noise may 
directly affect the behaviour and fitness of wild birds, there 
may also be indirect effects of these stressors mediated by 
cognition (Fig. 1). As cognition often underlies behavioural 
plasticity, cognition is likely to be important in how animals 
respond to novel, and rapidly increasing, environmental stress-
ors (Griffin et al. 2017, Potvin 2017, Lee and Thornton 2021).

Cognitive impairments arising from both high tempera-
tures and anthropogenic noise are well-known in humans 
(Hygge  et  al. 2002, World Health Organization. Regional 
Office for Europe 2011, Schmit  et  al. 2017, Park  et  al. 
2021), and a growing number of studies have begun to doc-
ument these same effects in both captive and wild animals 
(Coomes et al. 2019, Danner et al. 2021, Osbrink et al. 2021, 

Blackburn et al. 2022, Soravia et al. 2023, Templeton et al. 
2023). Heat-induced cognitive impairment is thought 
to arise either through heat-induced neuroinflammation 
(Trollor et al. 2012, Lee et al. 2015), changes to neurotrans-
mitter activity (Van Hook 2020), or attentional shifts as ther-
mal and other environmental stimuli compete for attentional 
resources (Gaoua 2010, Soravia  et  al. 2021). Distraction of 
limited attentional and cognitive resources is also considered 
to be one of the potential mechanisms behind anthropogenic 
noise-induced cognitive impairment (Morris-Drake  et  al. 
2016, Templeton  et  al. 2023). Cognitive decline due to 
high temperatures and anthropogenic noise may be experi-
enced even before these stressors exceed tolerance thresholds 
(Roussel et al. 1982, Gaoua et al. 2012, Soravia et al. 2023), 
particularly if they induce stress or attention deficits (Mendl 
1999). Furthermore, these declines may occur even when ani-
mals are employing behaviours intended to mitigate effects; 
for example behavioural thermoregulation may successfully 
prevent a rise in core body temperature above normal and 
thus heat stress, but an individual could still show a cognitive 
impairment as the thermal stimuli drain part of an individual’s 
attentional resources, diverting them away from processing 

Figure 1. The effects of high temperatures and anthropogenic noise on behaviour and cognition. Anthropogenic stressors can affect behav-
iour both directly and indirectly via effects on cognition. Both high temperatures and anthropogenic noise independently affect various 
behaviours and cognitive traits; however, whether the simultaneous effect of both anthropogenic stressors will be additive, synergistic, or 
antagonistic remains unknown, despite the fact that these stressors often co-occur. Orange bars represent high temperatures; green bars 
represent anthropogenic noise; yellow bars represent the effect of these two stressors together. Numbers represent the final value of a hypo-
thetical measured response when two co-occurring stressors have an additive, synergistic, or antagonistic effect relative to the two stressors 
occurring in isolation.
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information related to the present cognitive task (Gaoua et al. 
2012). Other studies suggest stress induced by anthropogenic 
noise may be behind these cognitive declines (Brumm et al. 
2021). Regardless of the proximate mechanisms, the co-
occurrence of heat- and noise-induced cognitive impairment 
may impede cognition more than the presence of one stressor 
alone. Research into the cognitive consequences of high tem-
peratures and anthropogenic noise is therefore needed to 
understand not only how multiple stressors affect cognition, 
but also how this may affect resultant behavioural plasticity 
and therefore response to novel environmental change.

Impacts of high temperatures and anthropogenic 
noise on learning performance

Learning is a crucial cognitive mechanism for wild ani-
mals (Morand-Ferron 2017). Associative learning allows 
animals to establish predictive contingencies between cues 
in the environment or between cues and a behavioural 
response, including learning to identify edible prey, a preda-
tor threat, or conspecifics. Associative learning can there-
fore directly affect survival, reproduction, and the ability to 
respond to environmental change (Morand-Ferron 2017, 
Blackburn  et  al. 2023). Recent studies on wild Western 
Australian magpies and southern pied babblers found that 
high air temperatures impair associative learning, with indi-
viduals taking more trials to learn an association between 
a food reward and a visual cue as temperatures increased 
(Blackburn  et  al. 2022, Soravia  et  al. 2023). A long-term 
effect of high air temperatures on associative learning per-
formance was also found in southern pied babblers, whereby 
individuals that experienced higher mean daily maximum air 
temperatures as nestlings took longer to learn an association 
as adults (Soravia  et  al. 2024). However, future studies on 
a larger number of species are necessary to determine how 
generalizable these trends are.

Studies testing the effect of anthropogenic noise on 
associative learning in both captive and wild birds have 
consistently found no difference in performance under 
anthropogenic noise and control treatments (Osbrink et al. 
2021, Connelly et al. 2022, Daria et al. 2022). Song learn-
ing, however, was impaired by anthropogenic noise in cap-
tive zebra finches, with individuals exposed to anthropogenic 
noise having delayed song development, decreased learning 
success, more incorrectly copied syntax, and smaller brain 
regions associated with song learning compared to control 
birds (Potvin et al. 2016, Brumm et al. 2021). This suggests 
that while high temperatures might disrupt learning perfor-
mance independently of the nature of the stimuli involved, 
anthropogenic noise may selectively affect learning of acous-
tic stimuli.

Impacts of high temperatures and anthropogenic 
noise on memory

Exposure to anthropogenic stressors may not only affect 
how quickly animals learn new information, but also their 
ability to store that information as memory and retrieve it 

later (Lee et al. 2015). This is vital for behavioural flexibil-
ity, as an animal will be able to change its behaviour based 
on experience only to the extent to which that experience 
is stored as memory. Evidence of memory impairment both 
following and during exposure to experimentally increased 
air and/or body temperatures has been found in several stud-
ies on laboratory animals such as mice Mus musculus and rats 
Rattus norvegicus (Soravia et al. 2021) as well as captive birds 
(Iyasere et al. 2021). For example, broiler chickens Gallus gal-
lus domesticus were worse at remembering a previously learnt 
association following exposure to air temperatures in the 
range 36–38°C compared to milder temperatures, suggest-
ing their memory of the learnt association may have been 
impaired by heat (Iyasere et al. 2021).

In contrast, there is mixed evidence for the impacts of 
anthropogenic noise on memory in birds, with one study 
reporting reduced spatial memory performance in captive 
zebra finches during traffic noise playback (Osbrink  et  al. 
2021), and other studies finding no effects on spatial mem-
ory of either naturally occurring background noise across an 
urban gradient in the wild (Connelly  et  al. 2022), or loud 
urban noise playback in captivity (Daria et al. 2022). Overall, 
research on both heat-mediated and noise-mediated memory 
decline in birds is still in its infancy and the potential interac-
tive effect of these two stressors remains unknown.

Impacts of high temperatures and anthropogenic 
noise on behavioural inhibition

Inhibitory control, the ability to inhibit counterproduc-
tive prepotent behaviours, plays a central role in adaptive 
decision-making (Templeton et al. 2023). As environmen-
tal conditions change, the type of behavioural responses 
that are adaptive may also change, and therefore the abil-
ity to inhibit now maladaptive behavioural responses may 
be an important aspect of behavioural flexibility (Shadmehr 
and Holcomb 1999, Griffin et al. 2017, Lee and Thornton 
2021). Performance on inhibitory control tasks declines 
at higher air temperatures in both captive male zebra 
finches (Danner et al. 2021) and wild female pied babblers 
(Soravia  et  al. 2023). A similar decline in inhibitory con-
trol performance has been found during playback of traffic 
noise in captive zebra finches and black-capped chickadees 
Poecile atricapillus (Osbrink  et  al. 2021, Templeton  et  al. 
2023). Conversely, the only study addressing the impact 
of anthropogenic noise on inhibitory control in the wild 
thus far found no effect of noise in Australian magpies 
(Connelly et al. 2022). However, this study used relatively 
low levels of anthropogenic noise (average sound level across 
site: 47.6 dB) that may not be loud enough to affect cog-
nition. While further studies on wild birds are needed to 
explore the effects of rising temperatures and anthropogenic 
noise both independently and simultaneously on inhibitory 
control, the current evidence supports impairment of this 
cognitive trait under both high temperatures and increased 
noise levels, raising concerns for individuals’ ability to inhibit 
counterproductive behavioural responses under increasing 
anthropogenic change.
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Compound effects of high temperatures and 
anthropogenic noise

The effects of rising temperatures and anthropogenic noise 
on behaviour and cognition is still a growing area of research. 
Current trends reveal that independent exposure to these 
stressors negatively impacts behaviours such as foraging (Floyd 
and Woodland 1981, Edwards et al. 2015), the anti-predator 
response (Zhou  et  al. 2019, Cordonnier  et  al. 2023), and 
territory defence (Wolfenden et al. 2019, Ruth et al. 2020), 
as well as cognitive performance in tasks measuring acoustic 
discrimination (Coomes et al. 2019, Brumm et al. 2021) and 
behavioural inhibition (Soravia et al. 2023, Templeton et al. 
2023). In addition to the documented direct effects of heat 
and anthropogenic noise on behaviour, there may also be indi-
rect effects mediated via cognitive declines (Verzijden et al. 
2012, Potvin  et  al. 2018, Coomes  et  al. 2022). Cognitive 
impairment is particularly worrying for those species in which 
cognitive performance directly predicts adult reproduc-
tive success (e.g. Western Australian magpies; Ashton et al. 
2018) or survival (e.g. mountain chickadees Poecile gambeli; 
Sonnenberg et al. 2019). Indeed, both behavioural trade-offs 
and cognitive impairment may contribute to the declines in 
reproductive success documented across bird species under 
high temperatures (Bourne et al. 2020, Riggio et al. 2023) 
and anthropogenic noise (Mulholland  et  al. 2018, Rosa 
and Koper 2022). However, empirical evidence for the link 
between cognitive performance, behavioural response, and 
fitness is currently limited, and further research is needed.

Future studies should aim to determine whether the 
simultaneous effects of anthropogenic noise and high tem-
peratures on individual behaviour and cognitive performance 
will be additive, synergistic, or antagonistic (Fig. 1). To our 
knowledge, only two studies have investigated the simulta-
neous effects of anthropogenic noise and high temperatures 
on non-human animals (Sun  et  al. 2021, Blackburn  et  al. 
2024b). The first, by Blackburn  et  al. (2024a, b), utilised 
playback of plane noise and background noise under condi-
tions where birds were and were not displaying heat dissipa-
tion behaviours, to investigate the behavioural responses of 
wild magpies to these two simultaneously occurring stressors. 
This study found that the co-occurrence of plane noise and 
heat stress conditions led to an additive decrease in the time 
individuals spent foraging, and a concurrent additive increase 
in time spent vigilant (Blackburn et al. 2024a, b). The second 
study investigated the simultaneous effects of anthropogenic 
noise and high temperatures on stress and cognition in captive 
mice (Sun et al. 2021). Sun et al. (2021) found that follow-
ing repeated simultaneous exposure to high air temperatures 
(32–34°C) and white noise (72 dB), all measured proxies of 
stress increased, and these stressors had a synergistic negative 
effect on learning, memory, and spatial cognition (Sun et al. 
2021). However, this study was performed in captivity, and 
captive studies may not fully account for variation in food 
availability, habitat use, and predation risk faced by wild ani-
mals (Thornton and Truskanov 2022), which may worsen or 

buffer the effects of heat and noise. We therefore encourage 
future studies to measure and, where possible, manipulate 
both temperature and noise conditions in the wild, while 
quantifying cognitive and behavioural traits before and after 
experimental manipulation, to uncover the potential interac-
tions and fitness consequences of these stressors.

Anthropogenic noise and high temperatures are not the 
only two stressors that birds must contend with in the wild 
(Sumasgutner et al. 2023). These and other stressors may act 
together to cause additive, antagonistic, or synergistic effects 
on the behaviour, fitness, and cognition of animals (Fig. 1) 
(Harding et al. 2019, Lopez et al. 2023). For example, high 
temperatures may cause reduced foraging efficiency due to 
increased panting to dissipate heat (du Plessis  et  al. 2012), 
while anthropogenic noise may cause acoustic masking in spe-
cies that use auditory cues to detect prey, thus reducing their 
foraging efficiency (Floyd and Woodland 1981, Senzaki et al. 
2016). In cases such as these, we may observe an additive effect 
of anthropogenic noise and high temperatures on foraging 
efficiency as panting and acoustic masking act independently 
to reduce the foraging efficiency of individuals. Conversely, in 
the case of foraging effort, if individuals reduce foraging time 
in response to anthropogenic noise, but are already avoiding 
foraging due to high temperatures, we may see only a minimal 
additional decline in foraging effort in response to this second 
stressor (anthropogenic noise), resulting in an antagonistic 
effect of these two stressors on foraging effort. Finally, syner-
gistic effects could be observed when exposure to one stressor 
amplifies the negative effect of exposure to a second stressor. 
For instance, individuals generally reduce provisioning rates 
under high temperatures (Clark 1987, Wiley and Ridley 2016, 
Garcia-Heras et al. 2017), and anthropogenic noise may also 
cause reduced provisioning in some species due to the acoustic 
masking of offspring begging cues (Schroeder et al. 2012). If 
offspring begging is an honest signal of hunger, then adults 
reducing offspring provisioning in the heat will lack any feed-
back from their offspring about their progressively increasing 
hunger level if noise co-occurs, which may lead to a loop of 
increasingly reduced provisioning rates. Alternatively, syner-
gistic effects of two stressors may be seen in situations where 
neither stressor alone causes any detectable change to behav-
iour or cognition, but the combined effect of the two stressors 
results in a significant change in behaviour. Such a combined 
effect of multiple stressors was seen in Wilson et al.’s (2021) 
study of the simultaneous effects of artificial light and anthro-
pogenic noise on 140 species of bird across North America. 
Wilson et al. found that the abundance of eight bird species 
was not affected by artificial light or anthropogenic noise 
alone, but significantly decreased when both of these stressors 
occurred together (Wilson et al. 2021). Given that the effect 
of multiple stressors is not always predictable, and exposure to 
one stressor may strengthen or weaken the ability to respond 
to the second stressor (Lopez et al. 2023), an increase in the 
number of studies looking at the effect of multiple stressors on 
animal behaviour and cognition is needed to gain an accurate 
representation of the challenges wildlife face.
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Conclusion

Anthropogenic noise and global warming are rapidly increas-
ing, and are now affecting even the most remote areas of the 
world (Buxton  et  al. 2017, Leihy  et  al. 2020). These two 
stressors are already prevalent in cities, where anthropogenic 
noise levels are louder (Joo et al. 2011, Merrall and Evans 
2020) and temperatures are higher due to the urban heat 
island effect (Oke 1982), and they are expected to worsen into 
the future (Jerem and Mathews 2021, IPCC 2023). Climate 
change could also lead to local increases in noise from natural 
sources, such as wind and rain, which may increase in parallel 
with rising temperatures and further affect animal behaviour 
(Girola et  al. 2022, Girola et  al. 2023). Not only do high 
temperatures and anthropogenic noise commonly co-occur, 
they can also cause similar behavioural trade-offs and cogni-
tive impairment in wild birds. Cognitive decline under heat 
or noise is concerning, given that cognition underlies the 
ability to flexibly adjust behaviour to changing conditions 
(Potvin 2017, Sol et al. 2020, Lee and Thornton 2021). For 
example, Western Australian magpies with advanced cogni-
tive performance were better able to maintain their normal 
response to conspecific alarm calls in the presence of anthro-
pogenic noise, in contrast to individuals with worse cogni-
tive performance (Blackburn et al. 2023). This suggests that 
cognition is important for the ability of animals to adapt to 
anthropogenic stressors. Individuals may therefore be faced 
with a situation in which the cognitive abilities that may 
help them cope with anthropogenic change are the same 
abilities that are threatened by it. In addition, as urban envi-
ronments are thought to present novel and unique cognitive 
challenges (Lee and Thornton 2021), cognitive declines in 
these locations may have more significant consequences.

We hope that this review will stimulate researchers to simul-
taneously quantify the effects of temperatures and anthropo-
genic noise levels on the behaviour and cognition of wild birds. 
Importantly, this review focused only on commonly studied 
behavioural and cognitive responses to environmental stress-
ors, and is not an exhaustive review of the behavioural and cog-
nitive consequences of rising temperatures and anthropogenic 
noise. In addition, there is also a physiological component 
that underlies and interacts with these responses, therefore we 
believe a multidisciplinary approach and collaboration between 
researchers will be necessary to comprehensively quantify ani-
mal responses to human-induced rapid environmental change.
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