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3. PAM successfully detected R. roeselii at the two control sites, but not at any of the
73 ABMI sites that we analysed. Despite the failure to detect new locations of
R. roeselii, our analysis of ABMI environmental recordings detected several other
species of acoustic insects, including Orchelimum gladiator, Gryllus sp. and Allonemo-
bius spp.

4. Our results add to the growing body of work showing the feasibility of using PAM
for acoustic insects. We make suggestions for how to maximize the effectiveness
of this monitoring tool for the conservation and management of singing insects in

North America.
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INTRODUCTION threats including climate change, habitat loss, pollution and invasive
species (Wagner, 2004) and are underrepresented in studies assessing
Insects are incredibly diverse and provide invaluable ecosystem the impacts of these threats on biodiversity (Potts et al., 2016; Titley

services (Eggleton, 2020; Losey & Vaughan, 2006). They face several et al., 2017; Troudet et al., 2017). Monitoring changes in insect
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populations can be time intensive and costly because of their small
size and often cryptic nature. As a result, researchers must often
invest considerable sampling effort to quantify species’ distributions
(MacKenzie, 2016; Thomas, 2005). Efficient methods of monitoring
species over large spatial scales are critically important for both docu-
menting changes and predicting how species will respond to these
threats (Blumstein et al., 2011; Cullen et al., 2017; Lindenmayer
et al., 2012; Noss, 1990).

One promising method for monitoring insects over broad geo-
graphical and temporal scales is to listen for them. Male—and rarely
female—acoustic insects produce species-specific mating songs that
are identifiable in audio recordings (Alexander, 1957; Riede, 1998).
Large numbers of automated recording units (ARUs) can be deployed
across the landscape for long periods of time to record ambient
sound. The environmental recordings from these ARUs can be ana-
lysed with machine learning algorithms to identify the occurrence of
one or more acoustic species of interest, a technique we call passive
acoustic monitoring, hereafter PAM. PAM can take much less time
and resources and result in minimal to no mortality when compared to
a similarly ambitious sampling regime requiring collection of physical
specimens (Aide et al., 2013; Shonfield & Bayne, 2017). Previous stud-
ies have been successful in using PAM to monitor insects with respect
to species abundance (Jeliazkov et al., 2016; Newson et al., 2017;
Penone et al., 2013) and community richness (Penone et al., 2013) in
specific locations, however, it has not been widely used to monitor
acoustic insect species’ ranges.

Roesel’s katydid (Roeseliana roeselii, previously Metrioptera roe-
seli, Orthoptera, Tettigoniidae) is a model organism for studying
range limits and range expansion (Gardiner, 2009; Kanuch
et al, 2013; Poniatowski & Fartmann, 2009, 2011; Simmons &
Thomas, 2004; Vickery, 1965). Several mechanisms are thought to
be responsible for their range expansion, such as an increase in
human introductions and climate change causing an increase in
long-winged individuals capable of longer distance dispersal
(Gardiner, 2009; Hochkirch & Damerau, 2009; Poniatowski &
Fartmann, 2011; Simmons & Thomas, 2004). The native range of
R. roeselii encompasses most of Europe, England and Western
Russia (Zacher, 1917) but it has been recorded spreading into North
America (Urquhart & Beaudry, 1953), Scandinavia (Ahlén, 1995) and
the Russian Republic of Tyva bordering Mongolia (Sergeev
et al., 2018). R. roeselii was first recorded in North America in 1952
on the island of Montréal, Québec, Canada (Urquhart &
Beaudry, 1953) and has since expanded and is now widespread in
the eastern part of North America (GBIF.org, 2021). In 2017,
researchers found the first population of R. roeselii west of the 95th
west meridian in Wagner Natural Area, Alberta, Canada (BOLD
System, 2019); approximately 2000 km away from the westernmost
edge of its naturalized range in eastern North America
(iNaturalist, 2023). The discovery of this population raises several
questions about the origin and distribution of R. roeselii in western
Canada. In this study, we apply PAM to search an archive of envi-
ronmental recordings from ARUs deployed systematically across

Alberta for previously unreported populations of R. roeselii.

CAOQUETTE ET AL

METHODS
Study species

R. roeselii is a small (13-26 mm), shield-backed katydid (subfamily
Tettigoniinae), identifiable by its green or brown body, yellow accents
across its thorax and abdomen and a white cream or yellow coloured
band on the lower lateral margins of its pronotum (Marshall &
Haes, 1988). R. roeselii is wing-dimorphic, adults can be either short-
winged (brachypterous) or long-winged (macropterous). R. roeselii
produces a species-specific mating song with a peak frequency of
17 kHz that sounds like a continuous high-pitched buzz, like that of
electrical wires (lorgu & lorgu, 2011; Marshall & Haes, 1988). Adult
males sing in midsummer to early fall (Berggren, 2004; Kevin A. Judge,

personal observation).

Collection and recording

In order to utilize PAM to search for R. roeselii, we first needed to train
an algorithm to recognize their songs by providing a collection of
recordings of individual calls (Figure 1). To record R. roeselii songs, we
searched for adult males between June and September 2019 at a total
of 20 sites across central and eastern Alberta (Table 1). Search time at
each site ranged from 20 to 180 min depending on the area. Search-
ing took place on sunny days when temperatures exceeded 19°C
because individuals are more likely to sing when the weather is warm
(Berggren et al., 2002). We used a combination of visual and acoustic
cues to detect male R. roeselii who were then captured by hand or
with a sweep net. For a haphazard subset of individuals, we recorded
songs in the field (Figure 2a) before collection using a shotgun micro-
phone (RODE NTG-2, Sydney, Australia) connected to a digital audio
recorder (Tascam DR-100mklll, Los Angeles, United States; 96 kHz
sample rate). We used a foam windscreen on the microphone in the
field to limit background noise. Additionally, the microphone was
attached to a 150 cm boom held approximately 20 cm above the indi-
vidual being recorded to limit disturbance to their singing behaviour.
To increase both the sample size as well as the variety, quality
and duration of songs, we also recorded male R. roeselii in a controlled
lab environment. Katydids were housed individually in plexiglass tubes
(10 cm diameter, 10 cm high), open at one end (bottom) and sealed at
the top by aluminium window screening (see Bussiére et al., 2005).
Each tube had a piece of plastic window screening lining the inside to

provide a climbing surface. Tubes were placed on a plastic tray over
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FIGURE 1 Stepsinvolved in the analysis of environmental audio
recordings from autonomous recording units using passive acoustic
monitoring techniques.
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TABLE 1 Locations of Roeseliana roeselii field collections with a description of the areas where specimens were collected and the number of

individuals collected.

Location Coordinates Description Males Females

Wagner Natural Area 53°34' N Hay fields and clover-dominated fields, 179 (54) 23
113°49' W bordered by calcium-rich fens and marl ponds

Roy Berg Kinsella Research Ranch 53°05' N Natural prairie grasses, aspen groves and wetlands 50 (21) 4
111°34' W

Tofield 53°22' N Disturbed long grasses 2(1) 0
112°40' W

Daysland Alberta Conservation Area 53°02' N Open grass fields mixed intertwined 3(1) 0
112°15' W with small deciduous forest stands and wetlands

Note: For males, the numbers in parentheses indicate the number of individuals recorded.
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FIGURE 2 Example spectrograms of Roesel’s katydid (Roeseliana roeselii) song recorded: (a) in the field and (b) in the lab (different males).
Signal amplitude is represented by colour with warmer (reds and yellows) and cooler (blues and greens) colours indicating higher and lower
amplitudes, respectively. The slower pulse rate in the lab recording is likely due to the singer being much cooler. Lab conditions were held
relatively constant at approximately 25°C, whereas field conditions were more variable and often much hotter. Also note the presence of both
high-frequency components in the lab recording that likely attenuated too rapidly for detection in the field recordings and low-frequency
components in the field recordings from ambient noise such as vehicle traffic that was much reduced indoors in the lab.

top of food and water. We fed males a modified orthopteran food mix
adapted from Henderson et al. (2008) with added pollen. We provided
individuals with water in two 2-mL microfuge tubes plugged with cotton,
and katydid enclosures were sprayed twice a day with water to maintain
moisture within the plexiglass tube. We cleaned containers twice a week
by replacing the bottom tray, water tubes and food. Individuals were kept
at a temperature ranging from 23°C to 25°C and experienced a natural/
ambient photoperiod. Following the recording, individuals were eutha-
nized in a freezer at -20°C and stored in either 70% or 100% ethanol.

We used the same microphone (without the windscreen) and
audio recorder (again 96 kHz sampling rate) to record R. roeselii song
in the lab (Figure 2b). We first transferred individuals from their indi-
vidual plexiglass cylinders into individual mesh-walled cylinders to
reduce reverberations caused by the hard walls of the plexiglass.
Additionally, we placed the mesh cylinders in a cardboard box (30 cm
x 30 cm x 30 cm) lined with acoustic foam to reduce background
noise. The box had one open side to allow for microphone positioning.

During recording, the temperature of the room ranged from 21°C to
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25°C. We placed four males in each corner of the foam-lined box along
with a female at the centre to stimulate male singing. To increase male
motivation to sing, we extracted female cuticular hydrocarbons by plac-
ing five frozen females into a jar containing acetone, allowed the speci-
mens to sit for 12 h and then placed a drop of the resulting fluid on the
mesh of each male’s enclosure. This acetone drop evaporated quickly
and left behind any cuticular hydrocarbons (CHCs) extracted from the
females; CHCs are known to convey information about sex
(Tregenza & Wedell, 1997). We allowed individuals 15 min to acclimate,
and once a singing individual was identified, the other katydids were
removed for the duration of the recording. During recording, we posi-
tioned the microphone approximately 5 cm above the male’s enclosure.
Recording was terminated after at least 1 min of singing to ensure a

useable sample for the creation of an acoustic recognition algorithm.

Acoustic recognizer construction

We used similar methodology as Knight and Bayne (2019) to train the
recognizers. Briefly, using the program Song Scope (Wildlife Acoustics,
Maynard, MA, USA), we trained two recognizers to capture differences
among recordings in both sound quality and background noise; one was
created for recordings taken in the field and one for recordings taken in
the lab. Each recognizer was created using a minimum of 20 annotated
songs taken from either lab or field recordings (see Table S1 for recognizer
details). R. roeselii has only one song type, but with high variability in the
number of syllables in each song (Cusano et al., 2016; Heller, 1988), so we
created our recognizers using training data that both varied in the number
of syllables and were shorter than 9 s in length. Both the field and lab rec-
ognizers varied in their performance statistics (see Table S2 for a detailed

list of performance statistics of recognizers).

ARU site selection

The Alberta Biodiversity Monitoring Institute (ABMI) is an organization
that monitors ecological changes in the province of Alberta using audio
and video recordings and physical sampling (Burton et al., 2014). The
ABMI has a large archive of audio recordings (primarily using Song
Meter SM2+ or SM3 recorded at 44100 Hz from Wildlife Acoustics,
Maynard, MA, USA) collected by a standardized provincial monitoring
grid (20 km spacing across the entire province) as well as recordings
collected by researchers. We processed recordings collected between
2013 and 2017 (Figure 3). Due to logistical constraints, it was not pos-
sible to analyse all of the available environmental recordings (30,000+
locations), so we selected a subset of recordings that met criteria that
would improve search efficiency. Because male R. roeselii typically
begins to sing in mid-July (Berggren & Low, 2004; Kevin A. Judge, per-
sonal observation), we omitted ARUs that were retrieved from the field
(i.e., stopped recording) before July 15. Because the probability of
detecting R. roeselii likely declines with distance from known locations,
we conducted a proximity analysis in ArcGIS (Ver. 10.8.1), using the
near tool, to measure the distance between the known populations of

CAOQUETTE ET AL
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FIGURE 3 Locations of Alberta Biodiversity Monitoring Institute
(ABMI) and University of Alberta Bioacoustics Unit environmental
recorders set out between 2013 and 2017.

R. roeselii and the ARUs. We started with ARUs closest to known popu-
lations of R. roeselii and then moved outwards analysing recorders up to

a distance of 420 km from the known populations of R. roeselii.

Recognizer validation

To test the recognizers’ ability to detect R. roeselii, two ARUs were set
in Wagner Natural Area to record in an area with a confirmed popula-
tion of R. roeselii. An environmental recorder was placed in each of two
locations representing: (1) high density, a hay- and clover-dominated
field where R. roeselii is known to oviposit and which has served as a
principle collecting site, and (2) low density, an old field 125 m away to
which a few R. roeselii apparently disperse from the high-density loca-
tion (i.e., no nymphs have been collected from this site indicating that
recruitment is low or absent). The ARUs at these two sites serve as pos-
itive controls and recorded continuously from 8 to 16 August 2019

(except 13 August when the batteries were replaced).

Passive acoustic monitoring

Each environmental recording was analysed using both recognizers.

To process audio recordings, both the recognizers were loaded into

858017 SUOWWIOD BAIe.D 3(qeoljdde ayy Aq peusenob a1 saoiLe VO ‘8sN JO S8|nJ 0 A%euqi T 8UljuO AB[IA UO (SUOTHPUOO-PUR-SWBILI0O" AB 1M A1q U1 UO//SdNL) SUORIPUOD pue S8 1 8y} 88S *[202/50/90] U0 Akeid1auluo A8 ‘Aisieniun uemace N Ad G8ZET USS/TTTT 0T/I0P/Wo A8 |im AR.q 1 jpuljuo'S punosa.//:sdny wouy papeojumoa ‘T ‘v20Z ‘TTEZS9ET



MONITORING THE DISTRIBUTION OF A NON-NATIVE KATYDID

Legend
Sampled Env. recorder

A Absent in recorders
Field Sampling
R. roeselii populations
@ Detected from 2017 to 2019
|| Detected in 2019
[¥ Absent in 2019

E N <ometers
0 50 100 200

Entomology

FIGURE 4 Map of Alberta showing locations and years of sampling efforts for Roeseliana roeselii. Symbol shape represents the type of
sampling employed: acoustic only (triangles), field capture only (squares) and both acoustic and field capture (circle). Symbol colour represents the
results of sampling: R. roeselii detected via both acoustic and field capture (blue), R. roeselii detected by field capture (yellow) and R. roeselii not
detected (grey). A shaded 100-km isocline originating from the locations where populations were confirmed represents distances of

environmental recorders to origin areas.

Song Scope and references to various sections of the recordings
meeting our threshold criteria (hereafter referred to as hits) were
detected and returned as a list. When running our recognizers through
audio recordings, we set scores for both threshold and quality at
50 to decrease the likelihood of missing R. roeselii songs (Knight &
Bayne, 2019). We then reviewed the recognizer results by visually
inspecting the frequency diagrams and listening to each recognizer
hit. Using information on audio clip frequency profiles and temporal
patterns, we assigned each hit to one of three classifications:
(1) R. roeselii, identified primarily by having: (a) a broadband song rang-
ing from approximately 5 to 25kHz with a peak frequency at

approximately 19-21 kHz, a buzz sound similar to an electrical dis-
charge from electrical wires, (b) a single syllable lasting approximately
100th of a second and (c) a large number of quickly repeating syllables
lasting from a few seconds to minutes; (2) other acoustic insects, iden-
tified chiefly by having: (a) highly repetitive songs with short
(i.e., milliseconds duration) syllables, (b) no detectable frequency mod-
ulation, and (c) a very broadband frequency spectrum (grasshoppers:
Acrididae; and katydids: Tettigoniidae), a narrowband frequency spec-
trum with carrier frequencies in the 4-8 kHz range (crickets: Gryllidae
and Trigonidiidae) or a narrowband frequency spectrum in the 6-
10 kHz range (cicadas: Cicadoidea), (d) a variable number of repeated
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TABLE 2 Classification of candidate sounds recorded by automated recording units at the two positive control sites (both at Wagner Natural

Area) and 73 ABMI and Bioacoustics Unit sites.

Classification

Number Median hits Total Roeseliana Other acoustic Other
of sites (range) hits roeselii insects® sounds
Positive High density 1 488 488 438 6 44
controls Low density 1 278 278 5 288 45
ABMI and 73 2 (0-405) 3656 0 698 2958

Bioacoustics Unit

Abbreviation: ABMI, Alberta Biodiversity Monitoring Institute.
20ther than R. roeselii.

syllables, and (e) a song that otherwise did not conform to the criteria
for R. roeselii; or (3) other sounds, which was any hit that could not be
assigned to classifications 1 or 2, including birdsong, bat calls, wind,

rain and any unidentifiable sounds.

RESULTS
Collection and recording

A total of 29 h was spent searching for and collecting R. roeselii spec-
imens in all locations with sampling effort varying from one to three
people. Of the 21 sites that we searched for R. roeselii, we found
four new locations with previously unreported populations (Figure 4).
We collected 179 R. roeselii mostly from Wagner Natural Area and
the Roy Berg Kinsella Research Ranch, 152 of which were male
(Table 1). Macropterous individuals accounted for 17.9% of all col-
lected katydids. We used a total of 77 separate individuals in the
recognizer including 20 katydids recorded in the field and 57 in
the lab.

Passive acoustic monitoring

Based on our inclusion criteria and the available time, we analysed
environmental recordings from 73 ARU locations. None of these 73
ARU locations was within 8400 m of any of the locations from which
we either collected or failed to collect R. roeselii, meaning that we
could not use the ARU data to confirm or check in-person sampling
results. From these 73 ARUs, we analysed a total of 61,456 ten-min
audio files equalling 10,242 h of audio. Our two recognizers identified
3656 hits across 50 of the 73 ARUs, none of which was classified as
R. roeselii (Table 2 and Figure 5). Of the 3656 hits, 698 hits were other
acoustic insects, which represents 19.1% of the total. Other acoustic
insects were identified in 20 of the 50 ARUs with hits (Figure 5).
There were 174 calls that were identified as Tettigoniidae (mostly
Orchelimum gladiator), 140 Acrididae (likely Pseudochorthippus curti-
pennis and Chloealtis) and 326 Grylloidea (including Gryllus, Oecanthus
and Allonemobius). From the 338 h of audio recordings from both of
the two positive control ARUs, PAM identified 766 hits, 443 of which

were R. roeselii, 234 other acoustic insects and 89 other sounds. As
predicted, the high-density positive control had a much higher number
of R. roeselii hits than the low-density positive control (Figure 5). The
high-density site had 488 total hits (438 R. roeselii, 6 other acoustic
insects and 44 other sounds), whereas the low-density site had 278
total hits (5 R. roeselii, 228 other acoustic insects and 45 other sounds;
Table 2).

DISCUSSION

We successfully demonstrated the use of PAM to search for a non-
native acoustic insect, Roesel's katydid. Our PAM analysis did not
detect any new populations of R. roeselii on the systematic grid, which
suggests that they remain relatively rare and potentially localized in
Alberta. However, our results suggest that this approach of searching
audio archives, usually established for bird and amphibian monitoring,
has the potential to provide insight into the distributions of singing
insects. Furthermore, results from both our positive control sites
reflected our qualitative assessment of population density, suggesting
both that PAM is useful for detecting the occurrence and density of
R. roeselii, and that the lack of hits from ABMI ARUs likely represents
the actual absence of R. roeselii in those locations.

Previous studies have monitored Orthoptera using many
resource-intensive sampling methods including field sampling and
manual analysis of environmental recordings (Fischer et al., 1997;
Gardiner et al., 2005; Gardiner & Hill, 2006; Lehmann et al., 2014).
However, the relatively few studies that have used PAM (i.e., using
automated species recognition software to search through environ-
mental recordings) to monitor Orthoptera have focused on either
community abundance (Jeliazkov et al., 2016; Newson et al., 2017) or
richness (Penone et al., 2013) despite the greater spatial and temporal
coverage of this method (Marques et al., 2013). These studies were
capable of detecting thousands of hits belonging to several Orthop-
tera species in the United Kingdom and France. Additionally, both
Penone et al. (2013) and Newson et al. (2017) detected R. roeselii
using their audio recording algorithms in areas where R. roeselii is
abundant. Our results are consistent with these previous studies that
have used PAM and automated species recognition software to look

at populations of Orthoptera.
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FIGURE 5 Frequency histogram of the number of hits classified
as either Roeseliana roeselii (blue), other acoustic insects (red) or other
sounds (grey) in environmental recordings at 52 sites where our
automated recognizers detected candidate sounds. Sites are arranged
in decreasing order of total hits. The 23 sites where our recognizers
failed to detect any candidate sounds are not pictured. H and L
represent the positive control recorders placed in the high-density
and low-density sites in Wagner Natural Area, respectively. Numbers
above the horizontal axis represent sites with only a single hit.

In our study, we were able to find numerous hits that were
not R. roeselii but that belonged to other orthopteran taxa. Future
research should consider similar PAM methods to measure the
abundance and distribution of Orthoptera in North America for
conservation and monitoring. For example, PAM could be an effi-
cient method to monitor the Mormon cricket, Anabrus simplex
(Tettigoniidae). Although present in low-density populations in
southern Alberta, it is an agricultural pest in the United States that
is thought to be increasing both its range and abundance in
Alberta in response to climate change (Cannon, 1998; Wang
et al, 2014).

During our field sampling, we found four previously unreported
R. roeselii populations in Alberta. These populations were all separated
by at least 10 km and although we did not exhaustively search the
intervening habitat, in addition to the present sampling and PAM
results, haphazard searches by two of the authors (Kevin A. Judge and
Alexandre P. Caouette) suggest that R. roeselii is not continuously dis-
tributed in the area around known populations. Furthermore, we
found that the majority of captured individuals were brachypterous—a
phenomenon that has been associated with established populations
rather than those that are newly formed (Poniatowski &
Fartmann, 2009, 2011; Vickery, 1965). If indeed the Albertan distribu-
tion of R. roeselii is made up of few, geographically isolated but estab-
lished populations, then this suggests a more complicated
biogeographic history than natural dispersal from its naturalized range
in eastern North America. R. roeselii is thought to have been spread to
Sweden from mainland Europe by humans through the shipment of
hay (Kanuch et al., 2013). Interestingly, the populations detected dur-
ing field sampling are all within 17 km of a major cross-Canada rail
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and highway corridor, and in 2002, over 45,000 metric tons of hay
were shipped to Alberta and Saskatchewan by farmers in eastern
Canada via train and truck (Le Roy & Klein, 2003). Analysing the
genetic relatedness of populations of R. roeselii (Kanuch et al., 2013)
from across Alberta, eastern North America and Europe could help
answer the question of how and when R. roeselii arrived in Alberta
and is the subject of ongoing research (Kevin A. Judge and Alexandre
P. Caouette, unpublished data).

Although our data suggest that R. roeselii is not widespread, there
is still the possibility that R. roeselii remained undetected in the ARUs
deployed by ABMI. ABMI places recorders using a systematic 20 km
grid (Burton et al., 2014), while other Orthoptera monitoring studies
placed recorders near the roadside (Jeliazkov et al., 2016; Penone
et al., 2013). In future studies, ARUs should be placed near roadsides
both because these are vectors of introduction for non-native species
and because R. roeselii is commonly found in disturbed grasslands.
Furthermore, ABMI ARUs are often collected before mid-July (Burton
et al., 2014) but, like many other singing insects, R. roeselii sings from
July to September. This leaves only a small time period where it is
possible to detect R. roeselii songs based on current deployment
schedules (Karuch et al., 2014; Newson et al., 2017). Therefore, to
better detect R. roeselii and other acoustic insects, ARU deployments
should be lengthened.

Automated acoustic monitoring of large-scale audio datasets
(i.e., PAM) can give us a greater understanding of both species’ abun-
dance and distribution and community composition across large spa-
tial scales. This has the potential to be enormously beneficial for the
conservation and management of both pests and vulnerable species
by reducing the time and costs associated with surveying these animal
populations (Lehmann et al., 2014; Newson et al., 2017; Shonfield &
Bayne, 2017; Zwart et al., 2014). Despite not finding the target spe-
cies via PAM, we did demonstrate that PAM has significant potential
to monitor singing insects, like orthopterans and cicadas, whose
ranges will likely continue to shift in response to climate change
(Robinet & Roques, 2010; Walters et al., 2006). As the collection of
large-scale audio data for monitoring vertebrate fauna becomes more
and more frequent, we have the opportunity to use these databases

to monitor sound-producing insects as well.
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