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City-living animals are exposed to pervasive human-generated noise from traffic and industry. There is
growing evidence that this exposure may have deleterious physiological and behavioural effects.
Cognitive processes could be particularly sensitive to the disruptive effects of noise, but little is known
about the potential effects of noise on cognition and cognitive development. We compared the cognitive
performance of wild, urban-dwelling Australian magpies, Cracticus tibicen tyrannica, in resident groups
exposed to differing levels of environmental noise. We found no evidence that cognitive performance
(measured across four behavioural tests estimating different aspects of cognitive ability) covaried with
the amplitude of ambient anthropogenic noise across an urban gradient of noise levels. With the
exception of one task (spatial memory), the cognitive development of adolescent magpies measured at
two different developmental stages (on average 160 and 290 days postfledging) was also similar, irre-
spective of whether they had been exposed to relatively high or low levels of anthropogenic noise. Our
results suggest that levels of anthropogenic noise typical of city parklands do not appear to negatively
impact general cognitive performance.
© 2022 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.
Noise caused by human activity is rapidly changing Earth's
natural soundscapes (Duarte et al., 2021; Kight & Swaddle, 2011;
Shannon et al., 2016). Aircraft or vehicle noise can now be heard in
some of the planet's most pristine and protected environments
(Buxton et al., 2017). Negative effects of urban noise on humans are
relatively well understood, including severe health-related impacts
such as hearing damage (Passchier-Vermeer & Passchier, 2000),
cardiovascular disease (Fyhri & Aasvang, 2010), heightened stress
(Basner et al., 2014) and disturbed sleep (Frei et al., 2014; Halperin,
2014). There is emerging evidence that high levels of anthropogenic
noise can have negative impacts on wildlife, both in terrestrial and
aquatic environments (Grunst et al., 2021; Kunc & Schmidt, 2019).
For instance, in terrestrial animals, noise can affect communication
(Shannon et al., 2016; Slabbekoorn & Peet, 2003; Slabbekoorn &
Ripmeester, 2008), decrease survival (Francis & Barber, 2013;
(F. Connelly).

nimal Behaviour. Published by Els
Kight& Swaddle, 2011; Raap et al., 2017; Schroeder et al., 2012) and
breeding success (Ernstes & Quinn, 2016; Potvin & MacDougall-
Shackleton, 2015), augment stress responses (Chloupek et al.,
2009; Kleist et al., 2018; Wright et al., 2007), alter the frequency
and timing of vocalizations (Fuller et al., 2007; Guo et al., 2016;
Kight & Swaddle, 2015; Potvin et al., 2014) and interfere with
migratory paths (McClure et al., 2013, 2017).

While there is now some insight into the behavioural and
physiological impacts of anthropogenic noise, surprisingly little is
known about how noise might affect cognitive development and
performance, including learning, memory, behavioural flexibility
and executive function. This omission is significant because of pu-
tative mechanistic links between noise, cognition and fitness. For
example, children exposed to environmental noise (i.e. planes,
trains and automobiles) showed deficits in speech, reading
comprehension and memory consolidation (Basner et al., 2014;
Halperin, 2014). In nonhuman animals, noise exposure can nega-
tively impact short-term memory in rats (Kight & Swaddle, 2011;
Rabat et al., 2006) and learning, memory, development and motor
evier Ltd. All rights reserved.
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coordination in mice (Barzegar et al., 2015; Jafari et al., 2018). In
addition, noise exposure impaired long-term memory (Funabiki &
Konishi, 2003) and vocal development and learning in juvenile
zebra finches, Taeniopygia guttata (Brumm et al., 2021; Searcy &
Nowicki, 2019). Such individual differences in cognitive develop-
ment may also translate to fitness differences: in some species,
individuals that perform better on cognitive tasks show improved
reproductive performance (Ashton et al., 2018; Keagy et al., 2009,
2011; Preiszner et al., 2017).

Urban environments can impact animal cognition in myriad
ways (Lee & Thornton, 2021), but the contribution of anthropo-
genic noise to such impacts remains unknown. Birds from urban
environments show differences in cognitive performance when
compared to birds from rural environments on a variety of tests:
reversal learning tasks in common mynas, Acridotheres tristis
(Federspiel et al., 2017) and great tits, Parus major (Cauchoix et al.,
2017); foraging tasks in Barbados bullfinches, Loxigilla barbadensis
(Audet et al., 2016) and house finches, Haemorhous mexicanus
(Cook et al., 2017) and obstacle removal tasks in great tits
(Preiszner et al., 2017). However, urban and rural environments
potentially differ in many respects other than soundscape (e.g.
habitat type, density and quality, artificial light, predation risk),
such that these impacts cannot be unambiguously attributed to
noise.

In this study, we explored whether wild Australian magpies,
Cracticus tibicen tyrannica, exposed to varying levels of urban noise
throughout different life stages also varied in cognitive perfor-
mance and in the acquisition of cognitive skills. Australian magpies
are iconic Australian birds and ideal study subjects for investigating
this question as they are common, inhabit urban, noise-polluted
areas, occupy the same territory for much of their lives, and can
be trained to complete cognitive tasks in close proximity to humans
(Ashton et al., 2018; Mirville et al., 2016; Rollinson & Jones, 2006).
Using a battery of cognitive tests developed and validated for this
species (Ashton et al., 2018), we quantified individual performance
on four tasks, each estimating a different cognitive function: (1)
associative learning (the ability to acquire knowledge through
repeated experiences; Morand-Ferron et al., 2016); (2) reversal
learning (cognitive flexibility, sometimes referred to as behavioural
flexibility; Bond et al., 2007; Izquierdo et al., 2017; Lea et al., 2020);
(3) inhibitory control (self-control, or the inhibition of immediate
responses; Isaksson et al., 2018; Kabadayi et al., 2016, 2018;
MacLean et al., 2014); and (4) spatial memory (the ability to
remember the location of resources, territorial borders or threats;
Emery, 2006). We tested whether performance varied with the
level of long-term urban noise exposure and whether changes in
performance during development varied with the level of long-
term urban noise exposure.

METHODS

Study Species

The study population consisted of 45 individual Australian
magpies belonging to 25 resident groups. The Victorian subspecies
tyrannica breeds cooperatively and lives in stable territorial groups
ranging in size from two to five adults (Kaplan, 2004). Most groups
in the study population comprised a dominant male, a dominant
female and a subordinate female. Groups cooperate to defend the
territory and subordinates are known to participate in alloparental
care (Kaplan, 2004), although this was not ubiquitous in this pop-
ulation. Juveniles remained in their territory for about a year, at
which point they were forced to leave by the adults. This expulsion
usually coincided with the start of the breeding season. In other
subspecies, juveniles will remain with their natal group and help
raise the next season's brood (cooperative breeding: this was only
witnessed in two of 25 groups). In the present study, the age of
birds was assessed based on behavioural and physical characteris-
tics. Each bird was assigned to one of two age groups: subadult
(residing with natal family, begging behaviour; no or partial adult
plumage, darker bill coloration; 0e2 years of age); or adult
(breeding or parental behaviour; full adult plumage; 2þ years old).
The ages of all birds used to investigate cognitive development
were accurate to within a few days as these individuals were
observed in the nest, prefledging.

We habituated magpies to human presence by repeatedly
visiting territories, training the birds to approach us in response
to a specific whistle and providing a small food reward (shredded
mozzarella cheese). This level of habituation allowed us to easily
capture birds, monitor their health (birds were trained to step
onto a scale) and eventually test them. Individuals were initially
captured using a manually triggered, baited walk-in trap. To
reduce stress and minimize the possibility that birds would
subsequently recognize us and react adversely to future en-
counters, we placed a hood over each individual's head during
capture. Individuals were fitted with a uniquely numbered three-
digit PVC band on one leg and a uniquely numbered metal band
supplied by the Australian Bird and Bat Banding Scheme on the
other. Most birds (N ¼ 38) that were tested were banded;
unbanded magpies (N ¼ 7) were identified using a combination of
group composition, geographical location and/or unique physical
characteristics or plumage patterns. For captured individuals, we
measured tarsus length (using dial callipers, to the nearest 0.1
mm) and wing chord (blunt-ended ruler, nearest 1 mm), and
calculated scaled mass index (an estimate of body condition; Peig
& Green, 2009).

Study Site

The study took place in Melbourne and the Greater Geelong
area (Victoria, Australia) between January 2016 and July 2019. We
selected groups for inclusion in the study that occupied territories
spanning a range of environmental noise levels (sound levels
were measured, dBA), and that responded to training. Sound
levels across territories ranged from 40 to 65 dBA. The sites with
the lowest levels of noise averaged between 40 and 45 dBA
(equivalent to the sound of a library), while the loudest sites were
between 60 and 65 dBA (equivalent to a busy restaurant). Using
an NSRT Sound Level Logger (Convergence Instruments, Quebec,
Canada) at 48 kHz sampling rates, we recorded sound levels (in
dBA) at two or three geographically dispersed locations within
each territory. Loggers were placed in trees approximately 5 m
above the ground. The microphone was always directed down-
wards to protect the recorder from both potential rainfall and
animals (walking or perching on them) and to maintain consis-
tency across sites. Sound levels were recorded every second over
one weekend and weekday (using sunrise/sunset as a starting
point), as sound levels could vary between weekdays and week-
ends (Fig. A1). Recordings were always taken during or immedi-
ately following the testing period to best capture what the bird
was experiencing during the testing process. To determine the
noise level experienced by nestlings during early development,
sound level loggers were placed close to active nests, either at the
base of the nesting tree or in an adjacent tree (within 10 m of the
nesting tree). If a nestling recording was taken, it was included in
a site's overall sound level average (Table A1). These recordings
estimated the amplitude of noise experienced by the nestlings
during early development and the noise levels experienced by the
parents which spent most of their time during incubation on or
near the nest.
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Cognitive Testing

Birdswerefirst trained to use the test apparatus.Weused amotor
skill task to train the magpies to interact with the test boards. This
task consistedof awoodenblock (30� 9 cmand4 cmhigh)with four
wells (3.0 cmdeep and 3.3 cm diameter). Eachwell was covered by a
coloured plastic cap (a dark and light shade of yellowandgreen) held
in place by a rubber band looped around nails set on either side of
eachwell, which allowed the caps to rotate. By prodding the capwith
their bills, magpies could flip the lid, expose the contents of the well
and learn to access a food reward (grated cheese) that was placed in
eachwell.Magpieswerepresentedwith the training boarduntil they
successfully extracted food from thewells three times in a row. Once
successful, they were presented with the first cognitive task.

To assess cognitive performance, 45 magpies (26 adults and 19
subadults) were presented with a test battery consisting of four
tasks that differed in their cognitive demands: (1) associative
learning; (2) reversal learning; (3) inhibitory control; and (4)
spatial memory. Reversal learning constitutes cognitive/behav-
ioural flexibility, and both reversal learning and inhibitory control
represent executive functions, processes considered mechanistic or
logically based (Grafman & Litvan, 1999; Lea et al., 2020). Tasks
were always presented in the same order, and a new task only
began once the previous test was completed (details of each task
are provided below). We first determined whether an individual
was motivated to participate in testing by tossing a piece of cheese
across its line of sight. If the bird flew in and ate the cheese, the test
board was presented, and testing began. If the bird did not interact
with the test board for over 1 min, the board was removed, and
another piece of cheese was tossed to assess motivation. If the bird
did not eat the cheese, testing would stop. Testing was never
(a)

(c)

(e)

Figure 1. Five cognitive tasks. The cognitive test series presented to individuals to quantify
caps shown); (c, d) inhibitory control (cylinder: adult/subadults/age 160 days; wall: age 29
conducted on an unmotivated bird. Isolation from other individuals
was required during testing to reduce the likelihood of social
learning. To do so, testing was suspended if another magpie
approached to within 10 m of the focal bird being tested.

Associative learning
We used a colour discrimination task to test how quickly a

magpie could associate a food reward with a novel-coloured cap.
This task utilized a similar board as the training stage, and therefore
required no additional training. The foraging grid (19 � 9 cm and 4
cm high) contained two wells (3.0 cm deep, 3.3 cm diameter;
Fig. 1a, b). Each well was covered with a cap of a different shade of
the same colour (i.e. blue: navy and sky, Fig. 1a; purple: violet and
lilac, Fig. 1b). Shades were used instead of different colours to
minimize any potential effects of colour preference (Ashton et al.,
2018; Shaw et al., 2015, Teichmann et al., 2020), as in spotted
bowerbirds, Ptilonorhynchus maculatus (Isden et al., 2013). One well
contained a cheese reward; the other well was empty. The colour
and shade of the rewarded cap were randomized.

As in the training stage, shredded cheese was used as a reward
for a correct trial. In the first trial, magpies were allowed to search
both wells to find the reward. In all consecutive trials, an incorrect
choice (pecking the unbaited well) cued the removal of the board
for 1 min. Test subjects had a maximum of 1 min to interact with
the board before it was removed from the testing area. The starting
position of the food reward (left or right) was pseudorandomized;
we avoided having the reward on the same side for more than three
consecutive trials. Fresh cheese was wiped into both wells prior to
the start of testing to minimize olfactory cues to the location of the
reward. The test was considered complete (the subject ‘passed’ the
test) when the subject was able to select the correct well in 10 of 12
(b)

(d)

cognitive performance: (a, b) associative and reversal learning (both blue and purple
0 days); and (e) spatial memory. Illustrations by Laura X. Tan.
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consecutive trials (10/12 correct choices represents a significant
deviation from random binomial probability; binomial test:
P ¼ 0.04; as in Ashton et al., 2018). If the bird did not complete the
task (10/12 correct trials) in a single day, the score would carry over
to the next day and testing would continue with trials being added
to the previous score. The total number of trials required to reach
this criterion (including the final 12 trials) represented the asso-
ciative learning score. At 290 days, juveniles were presented with
the same test; however, to maintain novelty, the colour of the caps
was different (i.e. if birds had blue the first time they completed the
test, then they would be tested with violet/lilac the second time).

Reversal learning
The reversal learning task was used to test cognitive flexibility,

quantifying the number of trials required for a magpie to dissociate
the previous association made and learn a new association, inhib-
iting previously learned behaviours. This task was presented the
day after the completion of the associative learning task. The same
test board was used (Fig. 1a, b); however, for the reversal learning
task, the shade of the cap covering the food reward was switched
(i.e. the reward contingency was reversed; associative food well ¼
violet; reversal food well ¼ lilac). The experimental protocol and
completion criterion were the same as in the associative learning
task. At 290 days, juveniles were presented with the same test, but
as described above, the cap colour of the food reward was different.

Inhibitory control
The inhibitory control test quantified a magpie's ability to

inhibit a principal response and navigate around an obstacle to
reach a reward. In this instance the principal response was to peck
the plastic barrier to access the reward. To measure this, we pre-
sented magpies with a ‘detour reaching’ task. In this task a food
reward (grated cheese) was placed inside a transparent open-
ended cylinder (13 cm long � 5 cm diameter) mounted on a
small wooden block (13 � 7 cm and 5 cm high; Fig.1c). The cylinder
was presented to the subject at a right angle to its body axis (open
ends were positioned out of the magpie's eyeline), to see if it could
solve the challenge of accessing the reward.

As with the associative learning task, when first presented with
the detour task the subject was given time to explore the test board
and find the food. Each trial thereafter counted towards their overall
inhibitory score. To achieve a successful trial, the subject needed to
avoid pecking the closed walls of the cylinder and instead move to
the open ends and reach the food reward. Pecking the transparent
cylinder counted as an incorrect score and cued the removal of the
task for 1 min. The task was considered complete when the subject
correctly detoured the task three consecutive times (same criterion
as in Ashton et al., 2018). Magpies were allowed a maximum of 10
trials per day and trials were conducted at 1 min intervals. At 290
days, juveniles were presented with a similar detour task, a trans-
parent plastic ‘wall’ (30 cm long, 15 cm high) mounted vertically
onto a wooden block (25� 9 cm and 4 cm high; Fig. 1d). The same
methods and protocols were followed.We did not provide a training
phase for this task as other studies have done (e.g. through the
exposure of subjects to an opaque tube or wall prior to the trans-
parent one; Kabadayi et al., 2018) because success on detour tests
could arguably be linked to ‘a continued application of a learned
rule’ in addition to inhibitory control (Ashton et al., 2018).

Spatial memory
The spatialmemory taskwas used to determine amagpie's ability

to memorize information regarding food placement and retrieve it
later. The task consisted of a board (45� 27 cm and 4 cm high)
containing eight wells (3.0 cm deep, 3.3 cm diameter) to create a
foraging grid (Fig. 1e). All the wells were covered with lime green
caps (the same colour used in the training board) and utilized the
same flipping mechanism as the associative and reversal learning
tasks, so no additional trainingwas necessary.Wells were numbered
one to eight, front to back, starting with the leftmost well in the first
front row. Each bird was randomly assigned a well number and that
well contained the food reward for the entirety of the task.

Magpies were presented with the test board five times over a
72 h period: twice on the first day, once on the second day and
twice on the third day (Ashton et al., 2018). Each testing event was
deemed complete when the magpie found the reward (similar to
Ashton et al., 2018). The first presentation of the board was the
training event; magpies were presented with the board and
allowed to search for the baited well. Once the baited well was
discovered, the event was considered complete, and the board was
removed. After 5 min the same well was rebaited, and the board
was again presented for the initial event, which followed the same
protocol. The third and fourth events occurred 24 h and 48 h later,
respectively, following the same protocol as the training event. The
final event, which controlled for olfactory cues (odour event), was
performed 5 min after the fourth event. For the odour event, the
board was rotated 180 degrees and no reward was placed in the
previously baited well. The foraging grid appeared identical to the
subject, but the previously baited well was on the opposite side of
the test board. This allowed us to assess whether magpies were
using olfactory cues to find the location of the rewarded well. The
total number of trials required to find the reward in the 24 h and
48 h events determined a magpie's spatial score. At 290 days, the
same methods and protocols were followed, but a different well
was randomly assigned to hold the reward.

In total, 45 birds completed at least one of the tasks. Not all birds
completed every task because sometimes birds disappeared before
completing the full battery of tests primarily due to loss of territory.
A subset of 12 birds completed a combination of tasks twice: four
adults completed the associative and reversal learning tasks twice
as testing was interrupted by the breeding season and the test se-
ries had to be reset, and eight subadults completed all tasks twice.

Cognitive Development

To test for longitudinal changes in cognitive performance
through development, we presented eight magpies with the test
battery at two different ages: mean 160 days (range 133e219) and
mean 290 days (range 270e44) postfledging. Testing began at 160
days postfledging because at this age magpies begin to feed inde-
pendently and can easily be isolated from their parents and siblings
for testing. At 160 days, juveniles were presented with the same
test battery as the adults. Minor aspects of the task were modified
(i.e. the colour of the caps for associative and reversal learning)
between the 160 and 290 days to introduce novelty and test for
genuine learning while allowing the comparison of scores. The
same protocol and criterion for success applied to the subadult and
adult testing was used for juveniles at on average 160 and 290 days.

Statistical Analysis

We conducted all analyses in the statistical environment R
version 3.5.2 (R Development Core Team, 2018). Using the R
package lme4, we fitted generalized linear mixed models (GLMM)
with a Poisson error structure and logarithmic link to investigate
variables affecting performance of all birds across associative
learning (N ¼ 45 birds), reversal learning (N ¼ 43), inhibitory con-
trol (N ¼ 37) and spatial memory (N ¼ 33) tasks. The GLMM con-
tained all probable explanatory values: sound level, age, sex, body
condition (scaled mass index) and group size. Random effects
included individual birds and the identity of the group the birds
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belonged to. We fitted a linear mixed-effect model (LMM) with the
explanatory value sound levels, controlling for group, to compare
performance between the two developmental ages (160 and 290
postfledging) calculated as the proportional difference: (number of
trials to reach criterion at 290 e number of trials to reach criterion
at 160)/total number of trials to reach criterion at both ages. An
LMMwas used instead of a GLMM because of the small sample size
of birds that completed the test at two age classes (N ¼ 8). A series
of GLMMs and LMMs were conducted to determine which factors
impacted cognitive performance in each task. The final models
included the most significant predictors of performance in each of
the cognitive tasks, while preventing overfitting and reducing
variance. In addition, a paired t test was used to determine whether
magpies used olfactory cues during spatial testing. All P values for
significant terms were obtained from these analyses.

Ethical Note

All methods were performed in accordance with the guidelines
and regulations of The University of Melbourne and were approved
by The University of Melbourne Office for Research Ethics and
Integrity, Animal Ethics (ID No. 1714094). Permission to capture,
band and test birds was granted by the Department of Environ-
ment, Land, Water and Planning (10008264) and the Australian
Bird and Bat Banding Scheme (ABBBS number 1405).

RESULTS

Effect of Urban Noise Level and Age on Cognitive Performance

There was no relationship between performance on any of the
tasks and the sound level within the territory, sex or body condition
(Table 1, Fig. 2).

For the associative learning task, there was no significant dif-
ference in the number of trials to reach criterion by adults
Table 1
Effects of model variables on performance in the four cognitive tasks

Model variables Estimate ± SE z P

Associative learning
Sound level 0.01 ± 0.02 0.50 0.62
Age 0.46 ± 0.33 1.40 0.16
Sex �0.04 ± 0.38 �0.11 0.91
Body condition 0.003 ± 0.004 0.82 0.41
Group size 0.43 ± 0.20 2.11 0.03
Reversal learning
Sound level �0.003 ± 0.01 �0.22 0.83
Age 0.02 ± 0.20 0.08 0.94
Sex �0.21 ± 0.24 �0.87 0.39
Body condition �0.002 ± 0.002 �0.99 0.32
Group size �0.01 ± 0.05 0.28 0.78
Inhibitory control
Sound level �0.01 ± 0.02 �0.76 0.45
Age 0.83 ± 0.28 2.92 <0.01
Sex 0.08 ± 0.38 0.22 0.82
Body condition �0.002 ± 0.004 �0.63 0.53
Group size �0.25 ± 0.20 �1.24 0.22
Spatial memory
Sound level �0.02 ± 0.02 �1.12 0.26
Age 0.56 ± 0.27 2.04 0.04
Sex �0.08 ± 0.34 �0.22 0.82
Body condition �0.001 ± 0.005 �0.24 0.80
Group size �0.04 ± 0.18 �0.21 0.83

Results of GLMM analysis of the factors affecting performance (defined as the
number of trials to reach completion criteria) of all birds across associative learning
(N ¼ 45 birds), reversal learning (N ¼ 43), inhibitory control (N ¼ 37) and spatial
memory (N ¼ 33) tasks. Random effects included individual birds and their natal
group. Data were fitted to a Poisson distribution with a logarithmic link function.
Statistically significant results are in bold.
(27.8 ± 26.7; N ¼ 26) and subadults (40.7 ± 36.0; N ¼ 19; Table 1).
For the reversal learning task, there was similarly no difference
between the number of trials to reach criterion for adults
(50.1 ± 26.8; N ¼ 24) and subadults (54.7 ± 33.2; N ¼ 19; Table 1).
Adults took fewer trials to reach criterion than subadults to pass the
inhibitory control task (8.3 ± 7.0 trials by 19 adults; 16.3 ± 14.1 by
18 subadults; Table 1). Finally, adults required fewer trials to reach
criterion (6.1 ± 3.7; N ¼ 17) than subadults (9.6 ± 7.2; N ¼ 16;
Table 1) in the spatial memory task. In the olfactory test, we
determined that the chances of using olfactory cues compared to
randomly selecting a different well was not statistically significant
(t ¼ 1.90, P ¼ 0.07).

Birds in larger groups completed the associative learning task in
fewer trials than birds in smaller groups (Table 1). This relationship
was not observed with any other task (Table 1).

Effect of Urban Noise on Cognitive Development

Eight individuals completed all four tasks at both 160 and 290
days postfledging. At 160 days, birds averaged 51.1 ± 44.4 trials to
reach criterion on the associative learning task, 75.8 ± 42.0 trials to
reach criterion reversal learning task, 24.8 ± 20.3 trials to reach
criterion on the inhibitory control task and 11.8 ± 9.7 trials to reach
criterion on the spatial memory task. At 290 days postfledging,
birds performed significantly better on the inhibitory task aver-
aging 6.1 ± 3.2 trials to reach criterion (t ¼ �2.69, P ¼ 0.03). No
difference was seen on any of the other tasks at 290 days post-
fledging: birds averaged 31.9 ± 29.6 trials to reach criterion on the
associative learning task (t ¼ �1.02, P ¼ 0.32), 56.5 ± 19.4 trials to
reach criterion on the reversal learning task (t ¼ �1.18, P ¼ 0.26)
and 7.1 ± 5.9 trials to reach criterion on the spatial memory task
(t ¼ �1.15, P ¼ 0.27).

Change in performance (proportional difference) on all tasks at
160 and 290 days was unaffected by sound level with the exception
of spatial memory: magpies from habitats with increased sound
levels required more trials to reach criterion on the spatial memory
task at 290 days than at 160 days compared to birds from habitats
exposed to lower sound level (Table 2, Fig. 3).

DISCUSSION

Urban Noise and Cognitive Performance

Our results suggest that variation in the long-term exposure of
anthropogenic noise has little or no effect on cognitive performance
of either juvenile or adult magpies. We found no effect of noise on
cognitive performance on any of the tasks. Age was the best pre-
dictor of performance on tasks, with adults performing better than
subadults on two of the four tasks (inhibitory control and spatial
memory).

While noise levels of comparable amplitude to those measured
in our study population can affect reproductive success in other
species in a laboratory context (zebra finches, Potvin &
MacDougall-Shackleton, 2015; Zollinger et al., 2019), it is possible
that deleterious impacts of prolonged ambient noise on cognitive
performance in magpies only occur at higher noise amplitudes.
Other studies exploring the impact of noise exposure on cognitive
performance included noise levels above 70 dBA (Barber et al.,
2010; Irgens-Hansen et al., 2015; Rabat et al., 2005); in a few
cases, the study animals were exposed to noise levels with double
the amplitude (10 or more dBA higher) of our loudest site. If the
study sites we used were comparatively ‘quiet’, chronic exposure to
noise at louder sites might still result in declines in performance on
the cognitive tests. Wewere unable to test this because in our study
such areas were either inaccessible (at airports or directly adjacent
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Figure 2. Effect of sound level on cognitive performance. A total of 45 magpies from territories spanning a range of sound levels, tested on one or more of the tasks within the test
battery: (a) associative learning (N ¼ 45), (b) reversal learning (N ¼ 43), (c) inhibitory control (N ¼ 37) and (d) spatial memory (N ¼ 33). Performance (number of attempts) on each
task for each bird is shown for adults (black circles) and subadults (open circles). Illustrations by Laura X. Tan.

Table 2
Effect of sound level on cognitive development from 160 to 290 days postfledging

Task Estimate ± SE t P

Associative learning �0.02 ± 0.05 �0.43 0.68
Reversal learning �0.04 ± 0.04 �1.07 0.35
Inhibitory control 0.01 ± 0.03 0.27 0.80
Spatial memory 0.10 ± 0.03 3.16 0.02

Results of linear mixed-effect models analysing the effect of sound levels on the
proportional differences in performance ([performance at 290 days e performance
at 160 days]/cumulative performance at each age) on associative learning, reversal
learning, inhibitory control and spatial memory tasks. N ¼ 8 birds. Social group was
treated as a random effect. Statistically significant result is in bold.
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to freeways), lacked resident magpies, or included resident pop-
ulations of magpies unaccustomed to human interaction, which we
were unable to train. Nevertheless, several studies suggest that the
range across which we measured noise is typical of urban envi-
ronments. For instance, Potvin et al. (2011) found that over 99% of
all ambient noise measured over more than 1 million km2 of rural
and urban habitats across southeast Australia land was below 70
dBA. Thus, while habitats with noise at such high amplitudes exist
(Kleist et al., 2018; Wolfenden et al., 2019), they are uncommon,
and may not be representative of the conditions experienced by
most urban wildlife.
Adults did not outperform subadults on association or reversal
learning. This suggests that these tasks (single tests, not serial) can
easily be learned by magpies early in life, before they become
nutritionally independent (whenwe began testing), perhaps due to
the highly exploratory nature of subadult magpies. Birds are skilled
at performing associative and discrimination tasks (Emery, 2006),
and pigeons, Columba livia, have been shown to discriminate be-
tween photos of other pigeons (Poole& Lander, 1971), cars, humans
and flowers (Bhatt et al., 1988). While providing a measure of
cognitive performance for which to compare magpies, the simple
associative learning task presented does not represent a higher
cognitive process (Emery, 2006; Wasserman & Miller, 1997) and
therefore may not be strongly impacted by age. In contrast, reversal
learning is a complex task that challenges an executive function,
cognitive flexibility (Aljadeff & Lotem, 2021; Bond et al., 2007;
Izquierdo et al., 2017; Lea et al., 2020). However, it is possible that
the reversal task we presented would have been more effective if
performed repeatedly instead of only once. Research suggests that
serial reversal and midsession reversal tasks may provide a better
measure of individual variation through the comparison of
improving performances across successive reversals (Bond et al.,
2007; Emery, 2006; Laschober et al., 2021). Moreover, a recent
study showed that a two-step, multiple-choice reversal test with
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Figure 3. Proportional difference in performance on the four tasks between birds aged 160 and 290 days across a noise gradient. (a) Associative learning, (b) reversal learning, (c)
inhibitory control and (d) and spatial memory. Magpies (N ¼ 8) were tested twice during 2017 and 2018. The change in their performance on each test is represented by the
proportional difference between the two testing ages ([performance at 290 days e performance at 160 days]/total performance at both ages), with positive scores indicating
improved (faster) performance with age. *P<0.05. Illustrations by Laura X. Tan.
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several cue types (e.g. colours and shapes) may present a greater
challenge and provide more insight into cognitive flexibility
(Aljadeff & Lotem, 2021). Presenting the test in these ways may
have provided more insight into how age and other factors affect
performance. Additionally, subadult magpies may be less neo-
phobic and possess exaggerated exploratory tendencies compared
to adults. These traits may contribute to an individual's willingness
to trial a novel task such as those presented and potentially perform
better than a more reserved individual (i.e. an adult; Biondi et al.,
2010; Greenberg, 2003; Kendal et al., 2005; Mirville et al., 2016).

Unsurprisingly, adults performed better than subadults on the
inhibitory and spatial tasks. In both humans and laboratory ro-
dents, performance on tasks, including inhibitory control and
spatial memory, increases with age and experience, as well as
across adolescence and into adulthood (Ainge & Langston, 2012;
Anderson et al., 2001; Meyer & Bucci, 2014). Studies of adolescent
ravens, Corvus corax, also found that caching skills (a behaviour that
relies on spatial memory) improved with age (Bugnyar et al., 2007).
Perhaps these age-related differences are due to incomplete brain
maturation of specific brain regions involvedwith executive control
and spatial memory in juveniles.

How Does Urban Noise Affect Cognitive Development?

Birds from habitats that routinely experienced higher sound
levels requiredmore trials to reach criterion on the spatial memory
task at 290 days postfledging than at 160 days compared to birds
from habitats exposed to lower sound levels. In addition, birds
performed significantly better on the inhibitory task at 290 days
than at 160 days. Overall, individuals required fewer trials to reach
criterion at 290 than 160 days postfledging, and, with the exception
of the listed examples, improvements in performance with age
were not statistically significant and not affected by sound levels.

The correlation between sound levels and performance on
spatial memory matches other findings in the literature. Cognitive
declines in memory, including spatial memory, were observed in
rats exposed to noise both early in life (Barzegar et al., 2015) and
during later life stages (Hu et al., 2014). It is therefore possible that
noise has a stronger impact on spatial memory than it does on
other cognitive functions; a future study in a noise-controlled,
laboratory setting may provide insight into whether spatial mem-
ory is more sensitive to noise. While the association between per-
formance on the spatial task and age was strong, the sample of
birds available to estimate this effect (N ¼ 8) was relatively small,
due to fledgling mortality and early departure of birds from their
natal territory. Other than for spatial memory, we found no evi-
dence that noise negatively impacted performance. Taken together,
these results suggest that exposure to anthropogenic noise has the
potential to impact development of spatial memory but does not
appear to impair the execution of other cognitive tasks in magpies.

Despite evidence that urban environments include many poten-
tially disruptive environmental elements (e.g. light, noise and
chemical pollution), many species thrive in these habitats. Indeed,
studies of certain species have reported comparable or better per-
formance on cognitive tasks by urban individuals compared to their
rural conspecifics, which are presumably exposed to lower levels of
disturbance (Audet et al., 2016; Preiszner et al., 2017; Sol et al., 2012).
Magpies possess many of the traits that have been proposed to
enable species to prosper in highly urbanized environments (Kark
et al., 2007). These include the ability to live and forage without
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fear in the vicinity of humans, the ability to exploit human-related
resources such as food waste and the ability to compete effectively
with conspecifics and other species because of large body size and
behaviouralflexibility. Thus,magpiesmay bewell adapted to survive
and indeed flourish in cities. While there is evidence for short-term
impacts of anthropogenic pollution on sleep in several bird species
including magpies (light: Aulsebrook et al., 2020; noise: Connelly
et al., 2020), great tits (noise: Grunst et al., 2021; light: Raap et al.,
2016) and zebra finches (noise: Brumm et al., 2021), it is not clear
that such impacts are sustained.Ultimately, thefitness consequences
of long-term exposure to noisewill need to be quantified inmagpies
and other species to assess whether anthropogenic noise is merely
an environmental annoyanceor a persistent disruptive phenomenon
with long-term effects on ontogeny and fitness.
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Appendix
Table A1
Australian magpie site details

Site Individuals No. of locations Average sound level (dBA)

AA* 1 2 40.2
AN 1 2 51.0
BB 1 2 54.6
CA 2 3 46.3
CC 1 2 48.1
CP 1 2 46.7
DR 1 2 50.5
ET 1 2 48.3
FH 1 2 56.9
FT 3 2 53.7
HP 3 3 49.9
LB 1 2 46.3
LH* 4 3 45.2
LS* 2 3 56.1
PH* 2 3 64.9
PP 2 3 48.6
RE 3 2 46.7
RP* 5 4 54.9
SE* 2 2 57.5
SFþ 1 2 48.6
SLþ 1 2 50.3
TT 2 2 53.7
TVþ 3 3 41.1
WH 1 2 41.1
XF 1 2 41.0

Site codes, number of individuals tested at each site, number of locations at which sound levels were recorded and the overall sound level at each site averaged over a weekday
(24 h) and weekend (24 h) day. An asterisk denotes a site where a nestling sound level recording was taken; a plus sign denotes a single bird was tested twice at the site (only
association and reversal learning).
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Figure A1. Hourly sound levels (dBA) at each site (magpie territory), averaged over a weekday (24 h) and weekend (24 h) day. For each site, average hourly sound levels are labelled
with the designated site code and uniquely coloured. Two site codes listed for a single line indicates sites were adjacent and the same recordings were used.
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