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Road noise exposure over development
increases baseline auditory activity and
decision-making time in adult crickets
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Female crickets reared in traffic noise have been reported to be faster or slower to locate male song
than those reared in silence across species. We reared female Teleogryllus oceanicus in traffic noise
and silence, and had adult females locate male song broadcast amidst traffic noise or silence. We
recorded activity of two auditory interneurons in a subset of individuals under identical acoustic
conditions. Regardless of rearing treatment, crickets were slower to leave their shelter when presented
with male song in silence than in traffic noise, while crickets reared in traffic noise were also slower to
leave overall. Crickets reared in traffic noise also had higher baseline AN2 activity, but rearing condition
did not affect hearing thresholds or auditory response to male song. Our results demonstrate
behavioural and auditory effects of long-term exposure to anthropogenic noise. Further, they support
the idea that silence itself is a potentially aversive acoustic condition.

Anthropogenic noise is now prevalent and persistent in many ecosystems, its
rise coinciding with an increasingly large and noisy human population'~.
Evidence mounts that anthropogenic noise has detrimental effects on
animals® and the potential for anthropogenic noise to interfere with the
detection of important environmental cues and communication signals was
long suspected”™. Anthropogenic noise has now been shown to hinder
finding mates”"', avoiding predators'*"* and locating prey"*". Such impe-
diments to detecting, identifying, or locating sounds of interest in noisy
environments could be due to interference with sensory encoding of infor-
mation, cognitive processing of information (e.g,, distraction), or both™™>.
Few, if any, studies, have teased apart how the sensory, cognitive (i.e., neu-
ronal) and behavioural processes are influenced by both lifetime exposure to
noise and real-time overlap of human-noise and signals of interest.

Moreover, most research on the effects of anthropogenic noise on
animals has focused on terrestrial and aquatic vertebrates*****. However
there has recently been more interest in how it might affect insects™**. Many
orthopterans (e.g., crickets and katydids) use sound for finding mates”. The
extent to which anthropogenic noise affects mate finding in orthopterans is
ambiguous. Different gryllid cricket species have responded differently to
anthropogenic noise when locating mates, showing increased difficulty in
locating mates in some cases'"** and not in others™". For field crickets we
expect road noise in particular to be the most prevelant source of anthro-
pogenic noise (see also ref. 31) and there is some evidence of flexibility in
behavioural responses to road noise in orthopterans™** and also of genetic
adaptation’”. Similarly, whether lifespan and fecundity are affected by
traffic noise is unclear’* .

15-

Consequently, while anthropogenic noise changes behaviour in some
eared animals (for review see ref. 24), it is difficult to determine whether this
is due to changes at the sensory information processing level of the nervous
system. To the best of our knowledge, no published study has considered
how the auditory systems of eared insects process anthropogenic sound or
how this correlates with their behavior. Crickets are an ideal system in which
to examine these relationships as these singing insects have a well-studied
auditory system involved in detecting conspecific calling song and predator
sounds”*. Neural recordings have shown masking by—and filtering of—
interference sounds in several eared insects* . Gomes and colleagues*
suggest that many of these filtering mechanisms are for naturally occurring
noise. In general, orthopterans have developed multiple behavioural and
physiological responses to noise, resulting in a resilience to it*~*. Perhaps as
a result, some orthopterans are more often found near anthropogenic noise
than not™"*.

In our study, we aimed to determine (i) if exposure to traffic noise over
development impacts a cricket’s ability to perceive or locate the source of
male song, and (i) if simultaneous exposure to traffic noise and male song
interferes with a cricket’s ability to perceive or locate the source of male song.
If traffic noise interferes with the natural development of cricket hearing, we
predicted that crickets reared in such noise would be slower to locate a
speaker playing male song and their auditory interneurons would be less
responsive to the song compared to crickets reared in silence. Alternatively,
if crickets are resilient to nymphal exposure to road noise, we predicted that
there would be no difference in their speed in reaching a ‘male’ or in the
responsiveness of their auditory interneurons to male song. Similarly, if road
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noise interferes with the ability of crickets to detect or locate the source of
male song, we predicted that in the presence of such noise, crickets would
take longer to reach the ‘male’, and auditory interneurons would encode
male song less reliably, than when noise is not present.

To test these hypotheses, we used the oceanic field cricket Teleogryllus
oceanicus (Orthoptera: Gryllidae). T. oceanicus have sensory structures in
their forelegs containing 60-70 receptor cells. Individual receptor cells vary
in the frequency to which they are most sensitive (1 kHz to 50 kHz) and their
axons project through the leg nerve to the central nervous system, where
they synapse with several interneurons™. Two of these interneurons relay
information to the brain: ascending neuron 1 (AN1) is narrowly tuned to the
dominant frequency of the male call, and ascending neuron 2 (AN2) is
broadly tuned to higher frequencies™. The ability to identify AN1 and AN2
action potentials in extracellular recordings from this species has been well-
described over decades of research*>*****" allowing us to measure inter-
neuron activity in extracellular recordings. This species is also commonly
found near roadsides in its native habitat and has been used in previous
behavioral work on the impact of traffic noise’*. In the study we report
here, we used a complete 2 x 2 factorial design to test the developmental and
immediate effects of road noise on auditory sensitivity and mate-finding
ability, and their potential interaction. Our study considers for the first time
the impact of traffic noise on adult female crickets at the neural and beha-
vioural levels, in real time and over development, providing the first inte-
grated study on this timely topic.

Results

Behaviour

We video recorded adult female crickets in the presence of a speaker playing
male song either with no background noise (silence) or with road noise (see
Methods, Fig. 1B for experimental set-up; Fig. 2F and Supplementary Fig. 1
for power spectra). Within each group, approximately half the crickets were
reared in silence and half were reared in road noise (see Methods, Fig. 1 A for
rearing conditions). Of the 143 adult female crickets tested across all
treatments, 115 reached the focal speaker playing male song. We found no
significant effect of rearing condition (y = 1.03, P = 0.311, n = 143 crickets)
or playback condition (y=1.39, P=0.239, n=143 crickets) on which
crickets reached this speaker. While we found no significant interaction
effect between rearing and playback condition on the time it took to leave the
shelter (5 =0.068, P =0.746, d.f. = 108, n = 114 crickets; Fig. 2A), we found
significant main effects of rearing condition and playback condition. Spe-
cifically, female crickets reared in traffic noise took longer to leave the shelter
than those reared in silence (8 =0.403, P <0.001, d.f. =109, n = 114 crick-
ets), and crickets from both developmental groups took longer to leave the
shelter during the silent than the traffic noise treatment (8= —0.282,
P=0.008, d.f. =109, n = 114 crickets; Fig. 2A).

With respect to the time adult females spent searching for the speaker
playing male song after leaving the shelter, we found no significant inter-
action effect between rearing and playback condition (8 = 0.041, P = 0.670,
df. =108, n =114 crickets) and no significant main effect of rearing con-
dition (8 =0.016, P=0.739, d.f. = 109, n =114 crickets). There was, how-
ever, a significant main effect of playback condition, with crickets spending
more time searching during the silent than the traffic noise treatment

(B=—0.104, P=0.032, d.f. = 109, n =114 crickets; Fig. 2B). There was no
significant interaction (f = 0.0005, P = 0.993, d.f. = 104, n = 110 crickets) or
main effect (rearing condition: $=0.023, P=0.404, d.f =105, n=110
crickets; playback condition: 8 =0.010, P=0.722, d.f. = 105, n = 110 crick-
ets) in the path length the crickets travelled (Fig. 2C). We found, however, a
significant interaction effect in the number of pauses females made while
walking to the focal speaker (8 = 1.159, P < 0.001, d.f. = 103, n = 109 crickets;
Fig. 2D): crickets reared in silence and tested in traffic noise paused the least,
compared to those crickets reared in silence and tested in silence
(B=—1.339, P<0.001, n=109 crickets; Fig. 2D), those reared in traffic
noise and tested in traffic noise (8 =—1.165, P<0.001, n =109 crickets;
Fig. 2D), and those reared in traffic noise and tested in silence (8 = —1.346,
P <0.001, n=109 crickets; Fig. 2D). There was no significant interaction
(B=—4.728, P=0.639, d.f. =104, n =110 crickets) or main effect (rearing
condition: $=28.028, P=0.111, d.f. =105, n=110 crickets; playback con-
dition =7.568, P=0.131, d.f. = 105, n = 110 crickets) in average walking
speed (Fig. 2E).

AN1 activity

Individual AN1 spikes were difficult to identify in many of our recordings
due to their small size relative to background noise. Therefore, we removed
the AN2 spikes from the recordings and measured the difference in
amplitude of neural activity before and after sound pulses of increasing
amplitudes (see Methods, Fig. 3 for details). Prior to Bonferroni correction,
we found apparent significant differences at several points: 4 kHz at 48 dB
SPL (t=2.315, df.=8.927, P=0.046, n=14 crickets) and 64 dB SPL
(t=2.504, d.f. =11.290, P = 0.029, n = 14 crickets), and 6 KHZ at 48 dB SPL
(t=—-2.707, df.=6.525, P=0.032, n=12 crickets) and 54dB SPL
(t=—2.665, d.f.=7.997, P=0.029, n =13 crickets; Fig. 4 and Supplemen-
tary Table 1). After Bonferroni correction (63 tests, alpha =0.0008) these
significant differences between rearing conditions in RMS dB values did not
remain (Supplementary Table 1). When we compared RMS dB values
before and after male song in the silent background condition, we found no
significant difference in RMS dB values (f = —0.226, d.f. = 8.724, P =0.827,
n =12 crickets), with and without Bonferroni correction (Fig. 4 and Sup-
plementary Table 1). Thus, between adult females raised in silence versus
those raised in constant road noise, after Bonferroni correction, we found no
statistical difference in our indirect measures of AN1 activity across fre-
quencies from 2 kHz to 30 kHz at 2 kHz increments and therefore no evi-
dence of developmental impact of road noise on AN1.

AN2 activity

For AN2 thresholds we excluded the 2 kHz recordings due to lack of
response from the majority of crickets. There was no interaction effect
between the rearing and playback condition for any sound frequency. There
was an apparent effect of rearing treatment on the response threshold at
6 kHz (P =0.039, n=18 crickets) and 20 kHz (P =0.045, n = 18 crickets)
before Bonferroni correction but this did not remain after correction (28
tests, alpha = 0.0018) and we noted no significant differences with or
without correction at any other frequencies (n=12 crickets, Fig. 5 and
Supplementary Table 2). With or without Bonferroni correction, there
was no significant effect of playback treatment on AN2 threshold

Fig. 1 | Experimental arenas for developmental
and behavioural experiments. A Diagram of the
rearing chamber set-up, showing the central
omnidirectional speaker surrounded by wire mesh
containers holding individual female crickets.

B Diagram of the experimental arena for testing
phonotaxis, showing the 8 sections, central shelter,
main speakers playing male song (yellow top) and
flanking speakers playing either a silent track or
traffic noise (black top).
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Fig. 2 | Results of phonotaxis experiments for
crickets raised either in silence (left two bars) or
with traffic noise (right two bars) and hearing
male song in a background of silence (blue bars) or
traffic noise (red bars) (A-E) and road noise and
cricket song power spectra (F). A Time from the
start of the experiment to when the female left the
central shelter (n = 114), B Time from when cricket
left the shelter until she reached the speaker
(n=114), C Total distance travelled by cricket, as
measured by the path length (1 =110), D Total
number of times that the female paused walking for
more than 0.5 s (n =109), E Average speed of
walking, measured as the total path length divided
by the time spent walking (n = 110). Asterisks
indicate significant differences (P < 0.05). Values are
means, error bars are SE. F Power spectrum (red) of
traffic noise overlayed the predominant frequencies

>

2.04

Time to leave
shelter (log10(s))

(@)

of T. oceanicus song (dark grey). We high pass fil-
tered the road noise and cricket song at 200 Hz to
exclude <200 Hz internal noise we isolated to the
GRAS 4-channel power amplifier and/or Avisoft
8-channel UltraSoundGate (data available at Dryad
Deposition).

mm)

~ 750

Total distance
travelled

100 4

m

Experimental Condition - Silence . Traffic Noise

B

2.04

-
(&}
L

j*

R E

Time spent
searching (log10(s))
P

o
3]
1

0.0~

O

Total number
of pauses

Traffic Noise

Silence

80 1

-

= Traffic Noise

= T. oceanicus

)} [ ]

£g LI

©E 3

s E €%

o> < 40 4

mg ayas]

S cl

g3 2

< 105} 207
O_

Silence Traffic Noise 0 2 4 6 8 10

Frequency (kHz)

Amplitude

0.00 0.02 0.04 0.06 0.08 0.10

Time (s)

Fig. 3 | Example of extracellular recording from the connective containing
AN1 and AN2 axons (top trace) in response to a 6 kHz sound pulse pf 20 ms
(lower trace). AN2 action potentials (marked with stars) were large enough to be
identified individually. AN1 action potentials were often obscured by other neural
activity. Minimum AN latency was assumed to be 10 ms, and AN1 activity was
measured by comparing the root mean square (RMS) amplitude from for 50 ms
post-latency with the RMS amplitude for 50 ms pre-latency (data available at Dryad
Deposition).

(n =12 crickets, Fig. 5 and Supplementary Table 2). Thus, between adult
females raised in silence versus those raised in constant road noise, after
Bonferroni correction, we found no statistical difference in our direct
measues of AN2 activity across frequencies from 2 kHz to 30 kHz at 2 kHz
increments and therefore no evidence of developmental impact of road
noise on AN2.

In baseline AN2 activity, we found an interaction between the rearing
and playback condition. Crickets reared in traffic noise had higher baseline
AN?2 activity but only during the silent playback (8= —0.282, P <0.001,
n = 19 crickets; Fig. 6). After the onset of male song, we no longer found an
interaction effect but saw a main effect of playback condition (= —8.483,
P=0.021, n=19 crickets), where crickets had higher AN2 spike counts
when exposed to traffic noise playback (Fig. 6). There was no significant
interaction (f=—0461, P=0.713, n=19 crickets) or main effects of
rearing (8=—0.406, P=0.880, n=19 crickets) or playback condition
(B=—1.981, P=0.102, n =19 crickets) in AN2 spike counts 30 s after the
onset of male song (Fig. 6). We also found no significant interaction effect
(B=15332, P=0.506, n=19 crickets) or main effect of rearing
(B=—9.246, P=0.817, n = 19 crickets) or playback (8 = —5.842, P = 0.480,
n=19 crickets) on instantaneous spike rate immediately after song
onset (Fig. 6).
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Discussion

We found that adult female T. oceanicus exposed to traffic noise over
juvenile development took longer to leave their shelter and begin searching
than those females raised in silence. However, such long-term noise expo-
sure did not influence the time the adult female crickets spent searching after
leaving the shelter, nor the total path length they traveled. These results are
consistent with previous work on this species” indicating that long term-
exposure to anthropogenic noise can increase, and thus negatively impact,
the time females take to locate a potential mate. We also found a striking
short-term effect of silence on phonotaxis. In real-time, adult female crickets
exposed to male song in an otherwise silent background (as opposed to male
song in background traffic noise) take longer to reach the speaker, take
longer to leave the shelter, spend more time searching in the arena, and
pause more frequently. These results are the opposite of what we might
expect if traffic noise directly impedes an adult female cricket’s ability to
detect and locate a singing male conspecific.

The AN1 interneuron is the primary interneuron responsible for
detecting male song in female crickets. It is tuned to the carrier frequency of
the song (4 kHz to 6 kHz in most cricket species), reliably reproduces the
syllable pattern of the song, and provides input to brain regions that
recognize species-specific song patterns*®. While we were unable to count
individual AN1 spikes, we found that the amplitude of neural activity (with
AN?2 spikes removed) increased after sound pulses at frequencies corre-
sponding to male song (4 kHz and 6 kHz) but not after sound pulses at
30 kHz, demonstrating that this method quantified AN1 activity levels. We
found no significant difference in AN1 activity between crickets reared in
traffic noise or silence in response to sound pulses or male song, suggesting
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that long-term exposure to traffic noise does not affect AN1 responsiveness
to sound. These results match those of our phonotaxis experiments, which
show that neither traffic noise during development nor simultaneous
exposure to traffic noise during phonotaxis had a negative impact on the
time a female took to reach the focal speaker once she left her shelter. Taken
together, these results show that traffic noise does not impede responses to
conspecific song.

The AN2 interneuron in T. oceanicus is broadly tuned from 10 kHz to
50kHz with a secondary notch of sensitivity around 5 kHz'*”. AN2
responds not only to high frequency predator indicators, but to male song in
a way that positively correlates with phonotaxis®*~”. Audiograms made
with and without background traffic noise revealed no significant differ-
ences in hearing thresholds in the crickets, nor between females from dif-
ferent rearing treatments. Therefore, like the AN1 interneuron, AN2 activity
is not impaired by traffic noise in real-time. We also found no effect of
rearing treatment on the responses of AN2 to male song. After the onset of
male song, only crickets in the presence of traffic noise had higher AN2 spike
counts, but this effect was no longer present 30 s later. We found that
crickets reared in traffic noise, however, had significantly higher baseline
AN?2 activity than those reared in silence, meaning spontaneous AN2
activity in the absence of acoustic stimulation is apparently higher for
crickets reared in traffic noise. Crickets reared in traffic noise also took
longer to leave their shelter than those raised in silence. Previous studies with
crickets have shown that the time taken to leave a shelter in a novel envir-
onment is related to predation pressure™®. Given that the AN2 interneuron
plays a prominent role in predator detection*’, we suggest higher baseline
activity levels could be related to the observed extra caution in novel
environments. Overall, these results indicate that long-term traffic noise
exposure changes AN2 activity, but not in a way that should impair females’
detection of singing males.

It is often difficult to disentangle the mechanisms by which anthro-
pogenic noise affects animals*. Here, using a design to control for equivalent
sound pressure level exposure and to minimize vibration across subjects, we
confirm that long-term exposure to road noise causes changes at both the
behavioural and auditory system levels. While long term exposure to traffic
noise over development appears to delay adult female mate-searching
behaviour, we found it has no discernable effect on whether, nor how much,
the AN1 or AN2 interneuron responds to male song. The difference in
behaviour seen in earlier studies is thus likely a result of cognitive differences
(i.e., interneuronal activity differences, here upstream of AN1 and AN2,
sensu’™""), rather than a reduced (or improved) ability to hear conspecific
male song.

That anthropogenic noise does not stop female crickets from detecting
male song is not entirely surprising. For many orthopterans the ability to
isolate conspecific song is necessary because in many habitats there are
heterospecific species competing for acoustic space. Choruses of singing
insects can reach ambient noise levels of >60 dB SPL in neo-tropical forests
with a mean of around 55 dB SPL”. This is not as high as the background
noise levels often found in urban cores”* but higher than that typical of
rural communities”. Crickets that call in these highly noisy choruses possess
a variety of adaptations to compensate for interference noise at the
neural’>””, morphological®’® and behavioural levels>*”. There is no
obvious reason to assume that these adaptations would not also function in
urban environments nor that they could not evolve to do so’’. Long-term
evolutionary changes to adapt to louder soundscapes are clearly possible as
crickets from tropical forests are better able to filter out background noise
levels than European field crickets from less acoustically competitive
environments”.

These differences in noise tolerance between species are important
when considering the effect of anthropogenic noise on orthopterans in
general and between species. Much of the conflicting information about the
effect of anthropogenic noise in these insects may be, at least partially, the
result of little overlap in the species used in published work'"*>***7#*>2,
Species-specific evolutionary and life histories could result in different
responses to anthropogenic noise, making broad inferences about this insect

order difficult. In the study we report here we used T. oceanicus, a species
which had been used before by Gurule-Small and Tinghitella” and we found
similar behavioural results to theirs, with phonotaxis taking longer when the
crickets were reared in traffic noise. T. oceanicus has evolved in the presence
of another cricket with a similar frequency song, T. commodus, and due to
interbreeding avoidance, both species have evolved different auditory fil-
tering mechanisms”. That T. oceanicus has neuronal filters that distinguish
between conspecific and heterospecific songs of similar frequency might
explain why anthropogenic noise playback had little effect on searching
behaviour or auditory activity, as a sensitivity filter able to separate two songs
of similar frequency should also be able to filter out the more divergent
frequency content of traffic noise.

Intriguingly, the slower phonotaxis behaviour we saw in response to
the silent background condition may result from crickets interpreting their
environment as riskier than in the presence of background noise. Silence is
not a natural state for many habitats, and background noises can themselves
indicate safety (e.g, their cessation indicating predator presence)®’. Many
animals use silence as an indication of threat or higher risk level and, indeed,
are more likely to forage'’, move®' and produce mating displays***’ when in
the presence of sounds from either conspecifics or innocuous heterospecifics
than when in silence. We thus suggest that the increase in time to leave the
shelter, longer search times, and greater number of pauses without increase
in path length could reflect a fear response to silent environments. That is,
adult female crickets were not covering greater total distances in silence but
simply pausing more frequently, an established indicator of fear in many
prey species”. Interestingly, males of some Hawaiian T. oceanicus popula-
tions experience a conspecific chorus silence: males have lost the ability to
sing due to the high risk of attracting a phonotactic parasitoid fly species®.
Females in these populations may experience more difficulty in finding a
mate not only because conspecific males are mainly those of the silent
morph, but also, given our results of the effects of silence on female beha-
viour, individual females seeking out males may be more vigilant. However,
the difficulties females have in finding males may be offset because both
sexes in the Hawaiian populations move more than individuals in popu-
lations where males sing™.

Overall, our results indicate that although long-term road noise can
cause behavioural and auditory system level changes in developing crickets,
adult females’ ability to perceive and locate males is resilient to these pres-
sures. That is, it does not appear that road noise prevents crickets from
finding mates, but that such noise does cause changes in decision making
and some auditory activity. Future work should determine why anthro-
pogenic noise and silence influence the observed levels of caution in crickets,
whether these time delays are long enough to have fitness consequences, and
why this apparently differs between orthopteran species.

Methods

Sound recordings

We recorded traffic noise from the highway on-ramp at the Hurontario
Street and Queen Elizabeth Way 400-series highway intersection (Mis-
sissauga, Ontario, Canada). Specifically, 12 meters away from the inter-
section on a grassy knoll, we mounted a recorder (Song Meter Mini Bat,
Wildlife Acoustics, Maynard) and recorded a full uninterrupted week
(168 h) of traffic noise (sampled at 24 kHz from July 25-Aug 2, 2021; for
power spectra see Fig. 2F and Supplementary Fig. 1). We downloaded the
calling song of T. oceanicus from the Orthoptera Species File Website"”
recorded in 1993 using a Sony WM-D3 at 96 kHz and modified it according
to protocols described in ref. 30,88 to create one full repeat of the song that is
expected to be attractive to females (for power spectra see Fig. 2F).

Animals, rearing conditions, and acoustic environments

We used T. oceanicus crickets from a colony maintained at the University of
Toronto Mississauga. The colony was started in 2005 from two populations
of eggs collected from wild-caught females from Mo’orea, French Polynesia
and Darwin, Australia, which were then combined in 2011. The crickets to
be used in our experiments were hatched and reared in plastic boxes (Width:
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0.35m, Length: 0.5 m, Height 0.40 m; partially filled with cardboard egg
cartons) and provided food (1:1 ratio of cat food and fish food) and water ad
libitum. They were kept at 23 °C on a 14/10 h light/dark cycle and checked
daily to identify females. Crickets were sexed at their penultimate instar and
we removed identified females from their box and placed them in individual
containers. These containers consisted of a closed top aluminum mesh
cylinder (Height: 10 cm, Diameter: 9.5 cm) placed over an upside-down
clear plastic container covered in cotton batting. Inside the container, we
provided each cricket with water, the same food blend, and an overturned
egg carton cup as a shelter. We then transferred these females and their
individual containers to a custom acoustic chamber (Width: 1.73 m, Length:
2.03 m, Height: 2.03 m) that was lined with acoustic foam (ceiling, walls)
and had a floor of corkboard and carpet (Fig. 1A). Eighty six female crickets
were successfully reared in 2021 and 77 in 2022 for a total of 163 female
crickets.

We split the penultimate instar female crickets into two even groups
and each group was placed into one of the two identical acoustic chambers
described above. In each chamber, we placed an omnidirectional loud-
speaker (Free Space 51, Bose) in the center of the room on a circular disk
cork (Diameter: 0.45 m, 6.25 mm thick). We placed the cricket containers
equidistantly around the speaker, on top of a separate ring of cork flooring
(outside Diameter: 1.52 m; hole Diameter: 0.61 m), with each container
60 cm away from the speaker and with the aluminum mesh cylinder in line
with the mid-line of the speaker membrane (Fig. 1A). Each chamber con-
tained one lamp (OttLite T81G5T-SHPR 18-watt, Tampa) on a 14h/10h
light/dark cycle with temperature ranging from 23 to 25 °C. To control for
potential room effects, crickets were switched between rooms every week,
and each time their order was randomized around the speaker.

The two groups of developing crickets experienced different acoustic
treatments. We exposed one group to a looping track of the full week of
traffic noise described above, played from the central speaker in the room
(the “traffic noise” group). We chose an average of ~70 dBA SPL for the
road noise at each cricket’s container to roughly match that reported by
Gurule-Small and Tinghitella™. To this end, for the traffic noise group
the sound level at each cricket container averaged ~70 dBA SPL and
ranged from 59 to 97 dB SPLA (range corresponding to minimums
during lulls in traffic and maximums when emergency vehicles with
sirens on passed nearby). At the on-ramp recording site, this range of
amplitudes matched those measured in dBA SPL at ~7 metres from the
nearest curb of the same on-ramp using the same weigthing as the same
sound level meter (R8060, REED Instruments). For both of the above
measures we set the REED sound level meter to both 125 ms and 1 s for
time weightings and neither the averages nor the ranges differed between
these time weightings. We also tested this REED sound level meter,
which has a %4” microphone, using a B&K Type 4231calibrator (1 kHz
tone, 94 dB SPL relative to 20 uPa) with its %” microphone adapter in
place, and determined the REED sound level meter was measuring dBA
SPL accurately at 1kHz for 125ms and 1s time weightings (ie.,
as 94 dB).

The second group of developing crickets had the speaker on, but it did
not play a sound file (the “silence” group). For this group, we measured the
ambient noise in the room to be below 30 dBC SPL (1 s time weighting)
using the same REED sound level meter, the digital display output of which
we video recorded with a smartphone camera, which allowed us to leave the
room. We determined that the ambient noise level in the room was less than
30 dBC SPL for the silence group, since this was the lowest reading that the
sound level meter registered and it did not register sound when the
recordings were not being played. As we did for the dBA settings above, we
determined that the REED was measuring a 94 dB, 1 kHz tone accurately at
the dBC 125 ms and 1 s time weighting settings as well.

Of the one hundred and forty three crickets that reached maturity
under the two acoustic conditions described above there was no significant
difference in the time to reach maturity between the two groups (mixed
linear model: = —1.4036, P = 0.0878, d.f. = 150). For each of the two years,
the number of crickets raised under each acoustic condition was roughly

equal. In 2021, we raised 37 adult females in traffic noise and 34 in silence,
while in 2022, we raised 35 in traffic noise and 37 in silence.

Experimental trials: behaviour

To compare the effect of the two rearing treatments on adult female pho-
notaxis, we randomly assigned crickets at fourteen days after final moult toa
background acoustic condition of traffic noise or silence (speaker on but no
sound) during male song playback. In the center of the experimental trial
room (Height: 2.3 m, Width: 2.6 m, Length: 4.6 m), we placed a circular
arena made of cork (Diameter: 1.22 m, 6.25 mm thick) on the floor, the
arena was marked with a circle of 1.2 m diameter. The circle was divided into
8 segments of equal arc (45°% Fig. 1B). We randomly assigned two focal
speakers (Ultrasonic Dynamic Speakers, Vifa, Avisoft, Berlin) to opposite
sides of the arena for each trial, positioned on the dividing line between two
segments. Each of these focal speakers was flanked by two paired speakers
(Companion 20, Bose, Framingham) 25 cm to either side of it along the
circumference of the arena. All 6 speakers faced the arena center. We cali-
brated our Bose Companion 20 speakers using a Shure 57 instrument
microphone (Shure, Eppingen) (flat from <150 Hz to >15 kHz) and found
them relatively flat (+ 4 dB) from 150 Hz to 15 kHz. Focal speakers only ever
played cricket song, while flanking speakers only played road noise or
silence.

For each trial, we placed an adult female cricket under an egg carton
cup in the center of the arena and then covered the cup with a darkened
plastic container to constrain the cricket. The four flanking Bose speakers
played either a 3-min repeating segment of traffic noise, selected for its low
variability in amplitude (~ 70 dBA SPL average, 68-78 dBA SPL range), or a
silent sound file. For both of the preceding acoustic treatments, we randomly
selected one of the focal speakers to play the modified calling song of
T. oceanicus (~70 dBA SPL average, 68-72 dBA SPL range). These dBA
measures were taken from the REED sound level meter at a 125 time
weighting, which had been calibrated and determined accurate as described
above. These dBA values of road noise and cricket song were selected to
match those used by Gurule-Small and Tinghitella” in their similar pho-
notaxis experiment and are similar to previously reported road noise power
spectra®.

The amplitudes of the road noise and the cricket song were also cali-
brated using a ¥4” free-field microphone (type 46BE, GRAS, Holt, Denmark)
and calibrator (type 4231; Briiel and Kjer) and recorded by GRAS micro-
phone connected via a GRAS 12AX 4-channel power module and Ultra-
SoundGate 816H data acquisition board to a laptop computer running
Avisoft Recorder software. For this calibration routine, we separately
recorded (i) this same 3-min segment of the road noise and also (ii) 5
repetitions of the full cricket song. The road noise from the Bose speakers,
the cricket song from the Avisoft speakers. The GRAS microphone was
placed at the same location as starting position of the crickets and was
pointed directly at the speakers (Avisoft, Bose) which, as for behavioural and
neural trials (see below) were 60 cm away. Using the same equipment and
settings, we also recorded a calibration tone (1 kHz, 94 dB SPL) and used this
as a reference in using the Avisoft SASLab Pro software. Road noise mea-
surements were taken from 36 sequential samples of 5 s duration. T. ocea-
nicus song measurements were taken from 5 repetitions of the song. For
each sample, we measured the root mean square (rms) amplitude of the
sound and the power spectrum as dB values per frequency relative to a
maximum of zero. The rms amplitude of the calibration tone was used as a
reference to determine the sound amplitude of each sample and the peak of
each power spectrum was set to this amplitude with the amplitudes of the
other frequencies being measured relative to peak (ie., 94 dB SPL + 20*
log10(rms of sample/rms of calibration tone) + amplitude of frequency
relative to peak). We determined that both road noise and cricket song were
on average 70dB SPL rms at 60 cm from the speakers for road noise
(peak: 1 kHz) and cricket song (peak: 5.3 kHz; see Fig. 2F for further details).

After the acoustic playbacks commenced, the crickets were given 60 s
to acclimatise to their physical and acoustic environment before the plastic
container covering the egg cup was removed, which marked the beginning
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of the trial. The observer (E.A.E.) was in adjacent room separated by a door.
We videorecorded all trials at 15 frames per second using an HD 1080 P
CCTV dome camera (Avalonix, New York) mounted 2.45 m overhead.
Each trial lasted five minutes and was considered complete if the cricket
reached the edge of the circle or failed to reach it by the five-minutes mark.
We first scored crickets based on whether they successfully reached the focal
speaker playing the male song (i.e., exiting from one of the two segments on
either side of the focal speaker). For crickets that exited the arena, we
determined how long they took to (a) emerge from the egg carton shelter
(start latency). We then calculated (b) search time, that is the time from
emergence to the completion of the trial. We weighed each cricket after the
trial to later control for potential size-based variation in our statistical
analyses. All trials were conducted at ~21 °C.

Video footage of the trials was further analyzed using video tracking
software (Ctrax ver 0.5.18). We took a series of coordinates indicating the
position of the cricket for each frame of the video from Ctrax and, using the
R package “trajr”, used these coordinates to calculate the total distance
travelled for each cricket, henceforth referred to as (c) path length. Following
Schmitz and colleagues™, we also counted how often crickets paused during
the search period, treating any period in which the cricket did not move for
>7 video frames (i.e., over 0.53 s) as a single pause. The total of these pauses is
henceforth referred to as the (d) pause number. Finally, we divided the (d)
path length by the amount of time spent moving during search time (b) to
get the (e) average speed of each cricket, where time spent moving was set as
equal to (b) search time subtract time spent paused.

Experimental trials: auditory activity

We recorded neural responses to conspecific song under the same acoustic
conditions used in the phonotaxis experiments to assess the possible impact
of traffic noise on auditory development. To do so, we first randomly
selected 20 crickets used in the phonotaxis experiment, 10 of which had been
reared under traffic noise and 10 reared in silence. To prepare crickets for the
neurophysiological recordings, we pinned them ventral side up to a block of
modelling clay and removed the cuticle on the ventral surface between the
head and thorax. This exposed the cervical connectives that contain the
axons of the AN1 and AN2 auditory interneurons. We then draped one of
the cervical connectives over a hook-shaped tungsten recording electrode
and placed a reference electrode in the abdomen. Electrodes were connected
to a differential amplifier (DP-301, Warner Instruments, Hamden) and the
output was passed to a data acquisition board (Avisoft UltrasoundGate
816H) for digital recording on a computer.

The neurophysiological recordings were made in one of the two
acoustic chambers. We used the same arenas and speakers used in and as
described for the behavioral/phonotaxis trials, the only exceptions being a
lack of shelter in the center where the cricket neural preparation was placed
and that only one pair of Bose speakers (which, as for the behavioral trials,
were used only for road noise) flanked a single Avisoft focal speaker (which,
as for behavioral trials, was used only for cricket song and, additionally, for
these neural recordings the 20 ms pure tones used to generate the audio-
grams). We also placed a microphone (Avisoft CM16) one meter from the
center of the arena opposite the speakers. The microphone was connected to
a different channel of the same data acquisition board as the differential
amplifier. We placed the cricket neural preparation in the center of this
arena, with the ear ipsilateral to the recorded connective facing towards, and
60 cm away from, the focal speaker.

To measure AN2 thresholds and AN activity across frequencies (i.e.,
to produce audiograms), we played increasingly loud sound pulses from
2 kHZ to 30 kHz at 2 kHz intervals from the focal speaker. Frequencies were
presented in random order. For each frequency, sound pulses increased in
amplitude from 30 dB SPL to 80 dB SPL in 2 dB steps. Sound pulses were
20 ms in duration (including 1 ms rise/fall times) and broadcast at 500 ms
intervals to avoid neural adaptation. The total time taken for each audio-
gram was 3 min and 8 s. Not all crickets were able to complete all conditions
before expiring. The amplitudes of the audiogram sound pulses were cali-
brated using a %” free-field microphone (type 4939, Briiel and Kjeer) and

calibrator (type 4231, Briiel and Kjeer). For this calibration routine, the
sound pulses were played from the focal Avisoft speaker and recorded by the
Briiel and Kjeer microphone, which was placed at the same location as the
neural preparation and was pointed directly at the speaker with all other
equipment in place. The microphone was connected via an Avisoft power
module 40017 and an UltraSounGateSG 116Hme data acquisition board to
a laptop computer running Avisoft Recorder software. Using the same
equipment and settings, we also recorded a calibration tone (1 kHz, 94 dB
SPL) and used this as a reference to adjust the sound pulses to the correct
amplitudes using Avisoft SASLab Pro software. Sound pulses were recorded
again after calibration to ensure they were the correct amplitude in the setup.
To compare the insects’ hearing sensitivity between silent and road noise
background acoustic conditions, audiograms were run twice, in silence and
with traffic noise from the flanking speakers calibrated to be ~70 dBA
(range: 68-78 dBA SPL) at the cricket.

Last, to measure interneuron activity in response to cricket song under
the conditions crickets experienced during the phonotaxis experiment, we
played T. oceanicus song from the focal speaker to the neural preparations
under two noise conditions: silence or traffic noise from the flanking
speakers calibrated to be ~70 dBA (range: 68-78 dB SPL) at the cricket. We
first recorded neural activity in the background noise condition (silence or
traffic noise) for one minute to establish a baseline response to the back-
ground condition. After a minute, we began playback of the T. oceanicus
song from the focal speaker alongside the background acoustic condition for
another minute, totaling 2 min for the entire sequence. Between individuals,
crickets were exposed to the two acoustic conditions in a random order. Not
all crickets were able to complete all conditions before expiring.

As for the road noise and cricket song playbacks used in our phono-
taxis/behavioral experiments, we also calculated the the average dB SPL rms
amplitude of the 3-min segment of road noise and 5 cricket song sequences
at the neural preparation and, as for the behavioral trials, determined them
to be ~70dB at ~1kHz and 5.3 kHz, respectively. We did so using the
routine described for the behvioural trials (i.e., GRAS not Briiel and Kjeer
microphone).

Statistics and Reproducibility

Data analysis: behaviour. We used a Chi-squared test (n = 143 crickets)
to determine if the number of crickets successfully reaching the focal
speaker differed based on the rearing and/or playback treatment.
Including only the crickets that successfully reached the correct speaker,
we then used linear models to examine the effects of rearing and playback
treatments on the measured behavioural variables. Models included
rearing treatment, playback treatment and the interaction between them
as effects, and insect weight and room temperature as controls. Models
had one of (a) start latency (n = 114 crickets) or (b) search time (n =114
crickets) or (c) path length (n =110 crickets) or (d) number of pauses
(n =109 crickets) or (e) average speed (n = 110 crickets) (calculated as the
distance travelled divided by the difference between the time to search
and time spent paused) as the response variable. Search time and start
latency were log normal transformed to correct for skew in the data and
the model for number of pauses used a Poisson family link function.
Pairwise comparisons for the number of pauses model were done using
Tukey HSD test on the effective marginal means.

Data analysis: auditory activity for AN1. We used sound analysis
software (SASLab Pro, Avisoft Bioacoustics) to visually inspect the neural
recordings. We found that individual AN1 action potentials (spikes)
could not be reliably identified in many of the recordings to count spikes.
Therefore, we looked for evidence of AN1 activity in response to sound
pulses by comparing the amplitude of the neural activity before and after
each pulse of sound. For the audiograms recorded in silence (no back-
ground noise), the start time of each pulse in the recording was measured
in SASLabPro acoustic analysis software (Avisoft Bioacoustics) for the
4 kHz, 6 kHz, and 30 kHz sequences. The first two frequencies are closest
to the typical male calling song’s dominant frequency of ~5 kHz and are
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those most likely to elicit AN1 spikes. The 30 kHz stimulus is in the range
of bat echolocation calls and will not elicit AN1 spikes, but is effective at
eliciting AN2 spikes.

Neural recordings were bandpass filtered between 300 Hz and 10 kHz
in Avisoft SASLab Pro (zero phase, Hamming Window, 1024 taps). Because
the AN2 neuron also responds to 4 kHz and 6 kHz sound pulses, we used the
Pulse Train Analysis feature to label AN2 spikes in each recording for
removal. To remove these AN2 spikes, we then used the Change Volume
feature to render their amplitude zero. A minimum latency of 10 ms was
assumed for the AN1 cell to respond to a sound pulse. We used a custom R
script to measure the root mean square (RMS) amplitude of the neural
recordings from 40 ms before to 10 ms after the start of each sound pulse
(50 ms pre-latency) and from 10 ms to 60 ms after the start of each sound
pulse (50 ms post-latency) (Fig. 3). Sections with significant neural noise
were excluded from analysis. To compare neural activity pre- and post-
latency, we calculated the amplitude difference in dB (20*log(post-latency
RMS/pre-latency RMS)). We used t-tests (n = 12 to 14 crickets) to compare
RMS amplitude between crickets reared in silence or traffic noise for the
audiograms and responses to song.

Data analysis: auditory activity for AN2. AN2 spikes were identified
based on their large size relative to other neural activity on the recordings
and their lower thresholds for high frequency sounds. To create neural
audiograms, we measured AN2 threshold (dB SPL) for each frequency as
the lowest amplitude sound pulse to elicit a burst of AN2 spikes. We
classified it as a burst/response to the sound pulse if (i) the latency of the
first spike was less than 50 ms after the start of the sound pulse, and (ii)
more than one spike was present with intervals <20 ms between them.
This was done for recordings made in both silence and with background
traffic noise. The gain settings for recording neural activity were adjusted
to maximize the amplitude of the AN2 spike in recordings, and thus the
absolute background noise level varied across recordings. For each fre-
quency in the audiogram, we then ran within subject mixed ANOVA’s
with the amplitude at threshold as the response variable, and rearing
treatment, playback treatment, and their interaction as main effects
(n=18 crickets). Pairwise t-tests were conducted for each frequency
when no interaction effect was found. Due to the number of tests (28), we
applied a Bonferroni correction to the results.

To assess neural responses to T. oceanicus song, we counted the
number of AN2 spikes at three points in time over the course of the song
recordings: 30 s after the background noise condition had begun (silence or
traffic noise), at the start time of the T. oceanicus song, and 30 s after the T.
oceanicus song had started. In all three cases, we counted the number of
spikes in 1.3 s, which is the duration of the repeated pulse sequence of the T.
oceanicus song. For each time point, we ran linear mixed models with the
number of AN2 spikes as the response variable, and rearing treatment,
playback treatment, and their interaction as main effects, and individual
crickets as random effects (n = 16 to 19 crickets). We used a Poisson family
distribution for the background noise condition due to significant rightward
skew of the data. Type III Wald Chi-square tests were used to estimate P-
values. We also measured the minimum instantaneous spike rate for AN2
(inverse of time between two spikes) at each time point and ran linear mixed
models with minimum instantaneous spike rate as the response variable,
and rearing treatment, playback treatment, and their interaction as main
effects, with individual cricket as a random effect. Type III Wald Chi-square
tests were used to estimate P-values.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

All data, including the source data for the graphs in Figs. 2-6, have been
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