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Abstract

Passive acoustic monitoring (PAM) involves recording the sounds of animals
and environments for research and conservation. PAM is used in a range of
contexts across terrestrial, marine and freshwater environments. However,
financial constraints limit applications within aquatic environments; these costs
include the high cost of submersible acoustic recorders. We quantify this finan-
cial constraint using a systematic literature review of all ecoacoustic studies
published in 2020, demonstrating that commercially available autonomous
underwater recording units are, on average, five times more expensive than
their terrestrial equivalents. This pattern is more extreme at the low end of the
price range; the cheapest available aquatic autonomous units are over 40 times
more expensive than their terrestrial counterparts. Following this, we test a pro-
totype low-cost, low-specification aquatic recorder called the ‘HydroMoth’: this
device is a modified version of a widely used terrestrial recorder (AudioMoth),
altered to include a waterproof case and customisable gain settings suitable for
a range of aquatic applications. We test the performance of the HydroMoth in
both aquaria and field conditions, recording artificial and natural sounds, and
comparing outputs with identical recordings taken with commercially available
hydrophones. Although the signal-to-noise ratio and the recording quality of
HydroMoths are lower than commercially available hydrophones, the record-
ings with HydroMoths still allow for the identification of different fish and
marine mammal species, as well as the calculation of ecoacoustic indices for
ecosystem monitoring. Finally, we outline the potential applications of low-cost,
low-specification underwater sound recorders for bioacoustic studies, discuss
their likely limitations, and present important considerations of which users
should be aware. Several performance limitations and a lack of professional
technical support mean that low-cost devices cannot meet the requirements of
all PAM applications. Despite these limitations, however, HydroMoth facilitates
underwater recording at a fraction of the price of existing hydrophones, creat-

ing exciting potential for diverse involvement in aquatic bioacoustics
worldwide.
© 2021 The Authors. Remote Sensing in Ecology and Conservation published by John Wiley & Sons Ltd on behalf of Zoological Society of London 1
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HydroMoth: A Low-cost Aquatic Sound Recorder

Introduction

Passive acoustic monitoring (PAM) is a powerful tech-
nique for assessing the presence and behaviour of wild
animals and the health of ecosystems (Merchant et al.,
2015; Servick, 2014; Sueur & Farina, 2015). Across a wide
taxonomic range, the sounds made by animals can con-
tain information about their identity, morphotype, sex,
age and behaviour (Balcombe & McCracken, 1992; Fearey
et al, 2019; King & Janik, 2015; Podos, 2010; Radford
et al., 2015; Stimpert et al., 2007). Additionally, the com-
bination of all sounds within an ecosystem can be consid-
ered as a single ‘soundscape’, which contains information
about spatial and temporal variation in ecosystem health,
the diversity and behaviour of soniferous communities,
and instances of anthropogenic disturbance (Pijanowski
et al., 2011; Sueur et al., 2019; Towsey et al., 2014). As
such, the ability to listen to the sounds of nature is valu-
able for studying animal behaviour and monitoring indi-
viduals, populations and ecosystems.

Financial constraints can limit the capacity for people
and organisations to record wildlife sounds (Farina et al.,
2014). Costs of PAM include buying equipment, deploy-
ing and retrieving recorders, and downloading, storing
and analysing data (Sugai et al., 2020). The relative mag-
nitude of each of these costs depends on the demands of
the project, including variables such as the number of
recordings being taken, the difficulty of accessing field
sites and the approach to data management and analysis.
For projects operating on a low budget, equipment pur-
chase can be a particularly challenging financial obstacle
because it represents a ‘hard limit’ for would-be PAM
practitioners. This is because financial costs associated
with instrument deployment and data management,
whilst high in many cases, can be mitigated by reducing
operational capacity—for example, by monitoring fewer
sites, using duty cycles that extend battery life (and there-
fore require fewer deployments), compressing files for
storage and using open-source, automated analysis tech-
niques (Mooney et al., 2020; Sousa-Lima et al., 2013). By
contrast, if equipment is unaffordable, this represents a
problem that cannot be easily mitigated and precludes
any application of PAM—even reduced-scale programmes
cannot start without a recording device. Making record-
ing devices available at affordable prices is therefore a
fundamental challenge to facilitate widespread uptake of
PAM.

In the terrestrial realm, the development and adoption
of a range of low-cost devices have allowed a large num-
ber of programmes to record wildlife and carry out PAM
on modest budgets (Beason et al,, 2019; Bobryk et al.,
2016; Farina et al., 2014; Hill et al., 2018; Whytock &
Christie, 2017). For example, some practitioners use
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handheld music or voice recorders, available for less than
$500, to take soundscape recordings (Hayashi et al., 2020;
Mindje et al., 2020). Furthermore, a range of open-source
build-it-yourself PAM platforms have been developed in
recent years, costing between $100 and $500 (Beason
et al., 2019; Sethi et al., 2018; Whytock & Christie, 2017).
Alternatively, the widely used SongMeter (Wildlife Acous-
tics, www.wildlifeacoustics.com) and Bioacoustic Audio
Recorder (Frontier Labs, www.frontierlabs.com.au) cost
between US$500 and US$1000—a cost that, whilst pro-
hibitive for some low budget and/or large-scale deploy-
ments, remains affordable for many small organisations
around the world. Low-cost recorders are typically limited
in their functional capacity; devices are provided without
factory calibration and produce lower quality recordings
with lower power efficiency than more expensive
recorders, because they use low-cost technology (e.g.
Raspberry Pis, MEMS microphones), rather than compo-
nents that are purpose-built for PAM. Despite these
limits, low-cost recorders like this still meet the require-
ments of many practitioners carrying out PAM and have
boosted the adoption of terrestrial PAM programmes
worldwide (Bobryk et al., 2016; Farina et al., 2014; Hill
et al., 2018; Sethi et al., 2018).

In contrast to the terrestrial realm, there are no auton-
omous recording units suitable for underwater use that
cost less than $3,000. Whilst several companies sell iso-
lated hydrophones for less than $500 (e.g. HTI www.
hightechincusa.com/, LSTN2 www.Istn2.com and Aquar-
ian www.aquarianaudio.com), these hydrophones are
‘sensor only’ devices, which require a recorder and power
supply that must be either waterproofed or kept out of
the water; they therefore do not represent the full cost of
a complete recording set-up. Autonomous recording units
are typically self-contained devices with an integrated
power source, electronics for capturing and storing
sounds and an internal clock for time-stamping data and
scheduling, but are not available for less than $3,000. This
means there are likely to be many potential applications
of underwater PAM for which there are no affordable,
ready-to-use recording devices available. As such, devel-
oping low-cost autonomous recorders for underwater use
has the potential to facilitate more widespread uptake of
PAM in aquatic habitats, as it already has done in many
terrestrial biomes.

In the manufacture of any device, there are inescapable
trade-offs between quality and cost. Part of the reason for
the high price of existing underwater autonomous record-
ing units ($3000-$10 000) is that they have advanced
technical features and high levels of precision. These
devices often include factory calibration, exceedingly low
self-noise, extreme depth ratings, extensive memory and
extended battery life (Sousa-Lima et al., 2013). Whilst

2 © 2021 The Authors. Remote Sensing in Ecology and Conservation published by John Wiley & Sons Ltd on behalf of Zoological Society of London


http://www.wildlifeacoustics.com
http://www.frontierlabs.com.au
http://www.hightechincusa.com/
http://www.hightechincusa.com/
http://www.lstn2.com
http://www.aquarianaudio.com

T. A. C. Lamont et al.

undoubtedly valuable in some settings, there are many
useful applications of PAM in aquatic habitats that do
not require such expensive features, but can be completed
with recordings that are uncalibrated, short in duration
and/or from shallow habitats (Chapuis et al., 2021;
Desidera et al., 2019; Peck et al., 2021; Reis et al., 2019).
Expensive high-specification recorders are surplus to the
requirements of aquatic PAM programmes like these,
meaning that such programmes might benefit substan-
tially from the development of recording systems that
offered reduced capabilities at a lower price. For example,
expensive hydrophones are currently used to detect
whales and issue real-time signals to ships to prevent col-
lisions (Baumgartner et al., 2019; Sanguineti et al., 2021)
as well as to detect illegal fishing vessels and relay signals
to law-enforcement teams (ZSL, 2021), but analogous
programmes in terrestrial ecology (detecting cicadas and
gunshots in forests) suggest that these goals might be
achievable at lower cost with simpler recording devices
(Hill et al., 2018). Additionally, low-cost aquatic record-
ing devices might accelerate development of new uses of
PAM that until now have not been possible due to finan-
cial constraints.

Here, we first present the results of a systematic litera-
ture review of recent studies that involved field recordings
of wild animals and natural soundscapes. We use this
review to demonstrate and quantify the lack of low-cost
aquatic recording equipment relative to the terrestrial
realm. We then test a prototype low-cost aquatic
recorder, the ‘HydroMoth’, which was developed by Open
Acoustic Devices. The HydroMoth consists of an Audio-
Moth 1.2.0 (US $79; one of the cheapest commercially
available terrestrial recorders), with a custom-made water-
proof case and variable recording gain levels. Finally, we
test the performance of this ‘HydroMoth’ against the
SoundTrap 300 STD and SoundTrap 300 HF (Ocean
Instruments NZ, New Zealand), which are the least
expensive aquatic autonomous recorders in our systematic
review (US $3000 and US $4100, respectively). Perfor-
mance tests were carried out by recording loudspeaker
playback of artificial sounds, individual vocalisations of
marine mammals and fishes, and coral reef soundscapes.

Methods

Systematic literature review

To compare the instruments used for acoustic monitoring
in terrestrial and aquatic ecosystems, we carried out a sys-
tematic literature review of studies published in 2020 that
conducted acoustic monitoring of wild animals and eco-
systems. The search was restricted to the single most
recent year (2020) in order to ensure that all studies had
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equal access to the most recent developments in recording
equipment. In January 2021, we performed a topic search
(which includes title, abstract and keywords) in Web of
Science using the query: (soundscape* OR "passive acoustic
monitoring” OR "passive acoustics monitoring” OR eco
$acoustic* OR bio$acoustic*). We restricted our search to
English-language articles published in 2020 in peer-
reviewed journals, in the Web of Science subject
categories biology, ecology, zoology, biodiversity conserva-
tion, environmental sciences, environmental studies, marine
freshwater biology, fisheries, biophysics, remote sensing and
multidisciplinary sciences. This search generated 337 papers
published in 2020, which we screened to include only
studies that performed recordings of animals or ecosys-
tems in the wild: this generated a final list of 204 papers.
The excluded papers included reviews, meta-analyses and
opinion pieces that did not include original recordings;
papers that recorded animals in captivity; and papers that
recorded exclusively anthropogenic noise. Whilst all
reviews of this nature inevitably miss a small number of
relevant published papers, this list of papers was adequate
to describe general trends in the prices of recording
devices used by the majority of studies in this field.

In each of the included 204 papers, we identified the
make and model of the recording instrument(s) used,
and classified them by type as either autonomous record-
ing units (microphone/hydrophone and recorder inte-
grated into a single machine); sensor and recorder
combinations (microphone/hydrophone connected to a
separate device made specifically for sound recording); or
sensor only (microphone/hydrophone connected to a
multi-purpose device such as a computer, smartphone or
autonomous underwater vehicle). Where recorders had
the capacity to use either an internal microphone/hydro-
phone or an external sensor, we classified them based on
their use in each paper on a case-by-case basis. Where
one paper reported the use of multiple different instru-
ments, we created separate records for each instrument
used. We sourced the price of each instrument online in
February 2021; where prices were unavailable online, we
obtained quotes directly from suppliers. When instru-
ments were discontinued models, we replaced prices with
those of currently available model updates (e.g. Song-
Meter 1, 2 and 3 were replaced with the price of Song-
Meter 4), or removed them from the analysis if the
model had been discontinued and had no replacement.
This analysis considered only the initial cost of purchas-
ing each recording device; we did not consider any costs
associated with deployment or retrieval of instruments,
data management and analysis, or technological support.

Across the 204 papers, there were 238 independent
reports of recording instruments used. Of these 238
instrument records, 175 were commercially available
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instruments, and these 175 records comprised 67 unique
devices or recording systems. Full details of all 238 instru-
ment records are available in Dataset S1.

Testing HydroMoth, a low-cost aquatic
recording unit

Recently, Open Acoustic Devices have made a prototype
cheap underwater recorder called the ‘HydroMoth’.
HydroMoth is a modified version of the AudioMoth
1.2.0: a low-cost, open-source recording device (Hill et
al,, 2018, 2019; www.openacousticdevices.info). Audio-
Moth is already widely used by terrestrial biologists in a
range of biomes (e.g. Barber-Meyer et al., 2020; Revilla-
Martin et al., 2020; Sethi et al., 2020); this new prototype
HydroMoth is the AudioMoth 1.2.0 device but with a
modified case and firmware to make it compatible for
long-term underwater use.

The existing AudioMoth IPX7 case has some water-
proof features to protect it for terrestrial deployments in
rain (github.com/OpenAcousticDevices/Application-Notes/
blob/master/An_Injection_Moulded_Case_for_AudioMoth.
pdf), but these are not suitable for extended periods of
underwater deployment. To make the case fully water-
proof for underwater deployment, Open Acoustic
Devices removed the Porelle acoustic vent and used syn-
thetic polymer-based hot melt glue (RS Components,
Northants, UK) to fill the whole of the concave cone,
from the vent hole to the edge of the rain hood; this
seal also effectively created a contact type hydrophone.
No further adjustments to the case were necessary to
ensure effective waterproofing when devices were fully
submerged, and these modified devices have been suc-
cessfully deployed without leaking at a maximum depth
of 30 metres (for 9 days) and a maximum time of
2 months (at 20 metres) (T.A.C.L. & L.C., pers. comm.
2021).

To increase the range of gain settings available for
underwater use, Open Acoustic Devices created a custo-
mised version of the recording firmware, which included
gain settings lower than those available in the standard
AudioMoth firmware. This was necessary because early
pilot tests of HydroMoths found that the gain settings in
standard AudioMoth firmware were too high for several
underwater applications, resulting in clipping. Both the
modified case and the customised firmware are available
upon request from Open Acoustic Devices.

It should be noted that as well as functioning as an
autonomous recording device, AudioMoth 1.2.0 can be
combined with external microphones or hydrophones to
function as a ‘sensor + recorder system’ (see Dataset S1
for other examples of this type of system). However, here
we limit data to recordings taken by HydroMoth
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functioning as an autonomous recording unit using its
integrated MEMS microphone.

Overview of methods for testing
HydroMoth

We tested HydroMoths in a range of recording scenarios,
comparing them with the SoundTrap 300 STD and
SoundTrap 300 HF (the cheapest available autonomous
recording units in our literature review: Fig. 2; Dataset
S1). First, we used aquarium-based recordings of white
noise to calculate each device’s signal-to-noise ratio
(SNR). Second, we recorded artificial tones played from
loudspeakers in open water conditions and compared
power spectral density (PSD) plots and spectrograms of
each recording. Third, we recorded vocalisations of a
range of individual animals (marine mammals and
fishes), in both captive and field conditions, to test
whether HydroMoths could record at adequate quality to
distinguish between sound types and species. Finally, we
recorded coral reefs soundscapes from sites with different
habitat quality and calculated their ecoacoustic indices, to
test whether HydroMoths could distinguish ecologically
meaningful differences between complex soundscapes in a
real-world monitoring situation. We used a sampling rate
of 48 kHz for all the recordings, except for recordings of
ultrasonic marine mammal vocalisations, which were
taken at 96 and 384 kHz as appropriate. Ultrasonic
HydroMoth recordings were compared with the Sound-
Trap 300 HF and/or HTI-96-Min hydrophones, because
the SoundTrap 300 STD cannot record in these frequency
bandwidths. We adjusted the gain levels through system-
atic trial and error, based on the requirements demanded
by each sound source and habitat; levels were chosen such
that the loudest sounds did not cause clipping by saturat-
ing the system (Merchant et al., 2015). For full details of
the firmware, gain levels and sampling rate used in each
recording, see Table S1.

Signal-to-noise ratio

To calculate SNRs of HydroMoths and SoundTraps, we
recorded white noise playback and the absence of play-
back in a quiet aquarium at the CRIOBE research facility
in Mo’orea, French Polynesia. We used a 1000 L circular
tank (1.6 m diameter x 0.5 m height) filled with seawa-
ter and suspended 2.5 cm above the ground by polyethyl-
ene foam spacers to decouple it from any ground
vibrations, in order that the ‘quiet’ periods of our record-
ings might be as close to complete silence as possible. We
suspended an underwater loudspeaker (University Sound
UW-30; max output 156 dB re 1 pPa at 1lm, frequency
response 0.1-10 kHz; Lubell Labs, USA) in the centre of
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the tank, broadcasting repeated 3-s segments of white
noise, generated in Audacity (v.3.0.0, audacityteam.org).
The loudspeaker was powered by an amplifier (M033N,
18W, frequency response 0.04-20 kHz; Kemo Electronic
GmbH) and a battery (12v 12Ah sealed lead acid), and
connected to an MP3 player (Clip Jam; San Disk, Milpi-
tas, CA, USA). We suspended two SoundTrap 300 STD
models and five HydroMoths in turn on a rope at the
same position, 70 cm from the loudspeaker, 20 cm above
the bottom of the tank. In each recording, care was taken
to ensure that the instruments were facing in the same
orientation and remained stationary for the duration of
the recording. Each instrument recorded the white noise
(3 s) followed by a 5-s period of silence. We checked all
of the recordings to ensure there was no acoustic interfer-
ence before analysis. SNRs were calculated using a
custom-made MATLAB script (R2020b, The MathWorks
Inc., Natick, MA, USA), by computing the ratio of the
summed squared magnitude of the ‘signal’ (0.5 s of white
noise playback) to that of the ‘noise’ (0.5 s of silent play-
back). The results were then imported into R (R Core
Team, 2019) for plotting and statistical comparison.

Recordings of artificial sounds

We compared HydroMoth and SoundTrap 300 STD
recordings of three artificial sounds, played through the
same loudspeaker set-up but deployed and recorded in
open water conditions rather than in a tank, in order to
benefit from predictable open water acoustic conditions
rather than distortions caused by the tank environment
(Okumura et al., 2002). The sounds were: nine pure tones
(1 to 17 kHz in 2 kHz intervals) played simultaneously
during 1 s (‘multitone’); a sine-wave frequency sweep that
increased linearly from 0 to 20 kHz over a 9 s duration
(‘sweep’); and a 5-s period of white noise. All sounds
were generated in Audacity. We took recordings in 3 m
depth on a sand flat, 100 m from the shore of Tema’e
beach (Mo’orea, French Polynesia). Weather conditions
were benign (smooth sea state, wind <5 mph, no rain),
we only took recordings when no motorboats were pre-
sent, and we checked all recordings for acoustic distur-
bance before analysis. We placed the loudspeaker on a
solid platform 20 cm above the seabed and fastened the
recording instruments to a metal stake 1 m from the
loudspeaker, 65 cm above the seabed. We repeated these
recordings with the same five HydroMoths and two
SoundTraps, in turn, each fastened to the same position
in the same orientation on the metal stake. Spectrograms
and PSDs were generated with custom-made MATLAB
scripts for each signal (multitone, sweep and white noise).
We normalised all sounds prior to building spectrograms
and used a Hamming window of 1024 samples with 75%
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overlap. We used Welch’s periodogram method over the
full signals (9 s for sweep, 1 s for multitone, 5 s for white
noise) to build PSDs, with a Hamming window of 2046
samples and 50% overlap.

Recordings of animal vocalisations

We compared simultaneous HydroMoth and SoundTrap
recordings of vocalisations from a range of captive and
wild animals. Unless otherwise specified, we took
recordings using one HydroMoth and one SoundTrap
attached above and below one another to the same
stake or rope and recorded simultaneously and continu-
ously with both instruments. In all instances where we
used a single HydroMoth and SoundTrap, we chose the
devices at random, because our recordings of artificial
sounds had established that there was little variation
between devices of the same make and model (see
Results section).

We recorded individual coral reef fishes (multiple uni-
dentified species) on fringing reefs 500 m off Tema’e
beach, Mo’orea, French  Polynesia  (17.5011°S,
149.7576°W). We attached the instruments to a metal
stake 65 cm off the seabed in a water depth of 2-3 m
and recorded a reef soundscape. A trained -expert
(T.A.C.L.) then identified individual fish vocalisations
from within the soundscape recording and cropped sec-
tions of the soundscape recording that contained a single
fish vocalisation.

We recorded a wild orca (Orcinus orca) from a fixed
mooring in Fish Hoek Bay, South Africa (34.1389°S,
18.4408°E). A lone orca was repeatedly sighted during
January 2021 by the research team (S.D., T.G., G.F,, J.F.)
and citizen scientists. We attached the instruments to a
rope suspended 2 m above the sea bed by a sub-surface
buoy, and identified orca vocalisations from within the
resulting soundscape recording.

We recorded dusky dolphins (Lagenorhynchus obscurus)
from a 7 m rigid-hull inflatable boat in Fish Hoek Bay,
South Africa (34.1389°S, 18.4408°E). We attached the
instruments to a weighted rope, suspended 3 m below the
water surface, and took recordings in the vicinity (2—
50 m) of dusky dolphins with the vessel engines and fish
finder turned off.

We recorded captive bottlenose dolphins (Tursiops
spp.) at uShaka Marine World, Durban, South Africa.
Recordings were made in the presence of nine dolphins
housed in a network of interlinked pools (recording pool
dimensions 9.1 x 6.3 m, 2 m depth). We had no access
to a SoundTrap for these recordings, so instead compared
HydroMoth recordings to simultaneous recordings taken
by an HTI-96-Min hydrophone (Hi-Tech, Inc.) coupled
to an HIN digital recorder (Zoom Corporation, Tokyo,
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Japan)—this is the same hydrophone component used in
the SoundTrap 300STD device.

We recorded unidentified dolphin species off the coast
of Kleinbaai, South Africa (34.6191°S, 19.3601°E), com-
paring the outputs of HydroMoths facing in opposite
directions (rather than comparing a HydroMoth to a
SoundTrap). Two HydroMoths were fastened back-to-
back to examine directionality in detection functioning;
this was done in this manner in the field to benefit from
predictable open water acoustic conditions, rather than
reverberations or distortion caused by playback in a tank
(Okumura et al., 2002). The instruments were attached to
a rope suspended 2 m above the sea bed by a sub-surface
buoy.

For all recordings, we computed comparative time-
matched waveforms and spectrograms with custom
MATLAB scripts, using a 1024 sample Hamming window
and 99% overlap.

Recordings of coral reef soundscapes

We recorded coral reef soundscapes using HydroMoths in
two different contexts. First, to quantify the between-
HydroMoth error of different individual HydroMoth
devices recording the same reef soundscape, we used five
different HydroMoths and one SoundTrap 300 STD to
record simultaneously the same reef soundscape in French
Polynesia. We attached all five HydroMoths and the
SoundTrap to the same metal stake, placed immediately
above each other, facing in the same direction. This stake
was deployed sequentially on five different coral reef sites,
each 30 m apart and 500 m off Tema’e beach (17.5011°S,
149.7576°W). The water depth at all sites was 2-3 m, and
the stake was positioned such that the lowest device was
50 cm above the seabed. We took five sequential 1-min
recordings at each site, all between 12:30-14:00 on the
same day; each of the six devices therefore took 25
recordings (5 x 1-min at each of five reef sites). We used
the crop tool on Audacity to remove sections of record-
ings that contained anthropogenic noise and instances of
interference that affected some devices but not others (for
example, knocks from fish colliding with one of the
devices). Having ‘cleaned’ recordings in this manner, we
then equalised their lengths by cropping from the end of
the track such that all segments were 30 s long.

Second, to test whether HydroMoth recordings could
differentiate between different ecostates, we took record-
ings of a pair of coral reefs of dramatically different
health, as part of the monitoring programme for the Mars
Coral Reef Restoration Project (www.buildingcoral.com)
at Pulau Bontosua, Indonesia (4.9288°S, 119.3192°E). A
healthy reef that featured abundant live coral cover
(90%-100%), high structural complexity and a diverse
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fish community was compared with a degraded reef
where extreme levels of dynamite fishing have resulted in
a flattened rubble field with very low live coral cover (0—
10%) and very few fish. Representative photos of each
habitat type are shown in Figure 1; for more information
on the impacts of dynamite fishing on reefs in the region,
see Fox et al. (2003) and Williams et al. (2019). These
two paired reefs were 800 m apart and the same depth
(2.5 m; total tidal range at the site is approximately
1.2 m), and were recorded simultaneously in benign
weather and sea state conditions. We deployed one ran-
domly selected HydroMoth on each reef for 48 hours
(from 24-26 November 2020), attached to a metal stake
0.5 m off the seabed. We subsampled recordings, taking
30 time-matched 1-min samples from each 48-hour
recording. These 30 subsamples comprised three from
each of five time points throughout the day, on both days
of the recording. The five time points were morning (9-
11 am), afternoon (2—4 pm), sunset (one hour either side
of sunset), night (11 pm-1 am) and sunrise (one hour
either side of sunrise), and subsamples from the same
time point were always separated by at least 15 min. We
checked each subsample for anthropogenic noise or
equipment knocking, replacing it with a resampled sec-
tion from the same time point if any acoustic disturbance
was found.

We analysed the coral reef soundscape recordings by
using the two most commonly used calibration-
independent ecoacoustic metrics in marine soundscape
studies (Pieretti & Danovaro, 2020): the Acoustic Com-
plexity Index (ACI) and rates of invertebrate snaps (snap
rate). The ACI is a measure of soundscape variability, first
designed for use in terrestrial forests (Pieretti et al., 2011)
and since applied with mixed success to marine ecosys-
tems (Bertucci et al., 2016; Bohnenstiehl et al., 2018;
Mooney et al., 2020). We computed the ACI using the
seewave package on R (Sueur et al, 2008), with a fre-
quency bandwidth of 2-7 kHz and an FFT window of
1024; these settings are optimal for distinguishing between
coral reef health states (Elise et al., 2019). Snap rate is a
count per minute of the number of high-amplitude snap-
ping sounds associated with shrimp in the family Alphei-
dae; this is the dominant contribution to tropical reef
soundscapes (Legg et al., 2007; Versluis et al., 2000). We
computed snap rate using a custom-designed algorithm
on MATLAB that counts the number of acoustic events
exceeding 1000x the median amplitude value, excluding a
buffer zone of 1 ms after each event to avoid double-
counting (following Gordon et al., 2018). For both indi-
ces, we calculated individual values for each subsample
and carried out paired t-tests (paired by recordings that
were taken at the same time) to determine whether values
from healthy and degraded habitats were significantly
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Figure 1. Representative photographs and photoquadrats of the healthy (A, B) and degraded (C, D) coral reef ecosystems present at the
recording locations at Pulau Bontosua, Indonesia (E). Photos taken by The Ocean Agency (A, C) and T.A.C.L. (B, D); satellite image (E) obtained
from Google Maps, available at https://goo.gl/maps/shewdq3deNDT3Ui38 (Map data: Google, CNES/Airbus, Maxar Technologies).

different. We then compared the magnitude of these
between-habitat differences with that of the between-
HydroMoth variation recorded on the same reef at
Tema’e. This tested whether ecologically relevant effect
sizes in natural soundscapes exceeded the precision limits
of HydroMoths.

Results

Systematic literature review

Our systematic literature review of acoustic monitoring
studies published in 2020 revealed that there were nearly
twice as many terrestrial studies (65% of papers: 132 of
204) compared to aquatic studies (35% of papers: 72 of
204). Further, the recording devices commonly used in
terrestrial studies were far more widely available than
those used in aquatic studies: 130 of 156 terrestrial
records used commercially available devices (83%), com-
pared to 45 of 82 records in the aquatic literature (55%).
In both terrestrial and aquatic studies, autonomous
recording units were the most common used type of
commercially available device (70% of records: 122 of
175).

When comparing prices of instruments used, terrestrial
and aquatic instruments were represented by similar price
ranges in the ‘sensor only’ and ‘sensor and recorder’

categories of recording instrument. However, autonomous
recording units used in aquatic studies were markedly
more expensive than those used in terrestrial studies
(Fig. 2). The median price of aquatic autonomous record-
ing units ($4,000) was close to five times higher than that
of terrestrial autonomous recording units ($849). The
cheapest aquatic unit (SoundTrap 300 STD, Ocean
Instruments NZ, Auckland, New Zealand: $3,000) was
more expensive than all but one of the 24 different terres-
trial units and more than 40 times more expensive than
the cheapest terrestrial unit (ICD-PX240, Sony Corpora-
tion, Tokyo, Japan: $69).

Recordings of signal-to-noise ratio and
artificial sounds

The signal-to-noise ratio of the HydroMoths was almost
half that of the SoundTraps (mean £ SE: HydroMoths
18.5 £ 1.45 dB; SoundTraps 35.7 = 1.8 dB; Fig. 3A).
Despite this, the PSDs (Fig. 3B-D) and spectrograms
(Fig. S1) generated with SoundTrap and HydroMoth
recordings showed a very similar spectral representation
of the sine-wave sweep, the multitone of 9 frequencies,
and the broadband white noise. The sensitivity of the five
different HydroMoths was largely consistent, with all five
instruments exhibiting slightly lower sensitivity than the
SoundTrap in the lower frequencies (0.02-12 kHz), and

© 2021 The Authors. Remote Sensing in Ecology and Conservation published by John Wiley & Sons Ltd on behalf of Zoological Society of London 7


https://goo.gl/maps/shewdq3deNDT3Ui38

HydroMoth: A Low-cost Aquatic Sound Recorder

Habitat type
@ Aquatic (n = 46)

@ Terrestrial (n = 129)
10,000
o
]
%]
"
o
]
4
S
3 1,000
»
E)
‘E n
©
L H
I
l
100

T. A. C. Lamont et al.

Number of studies in 2020

10 @@ @GZ>

SoundTrap
300 STD

Ocean Instruments NZ

-
Aquatic Py
D

US$3,000

., Terrestrial
y  US$ 79

Sensor and
recorder

Sensor only

Autonomous
recording unit

Type of recording instrument

Figure 2. The prices of recording instruments used in terrestrial (green) and aquatic (blue) acoustic monitoring studies published in 2020. Each
point represents one model of instrument; sizes of points are proportional to the number of studies that model was used in. Highlighted are the
SoundTrap 300STD and the AudioMoth 1.2.0; these are the two instruments compared in this study.

slightly higher sensitivity than the SoundTrap in the
higher frequencies (12-24 kHz).

Recordings of animal vocalisations

For the recordings of individual animal vocalisations, the
clarity of the signal recorded by the HydroMoth, relative
to the commercially available hydrophones, was
frequency-dependent. The low-frequency pulses created
by fishes were well represented by both devices (Fig. 4A—
D). The lower-frequency portions of the marine mammal
sounds, such as the contours of frequency modulated
whistles used for dolphin communication, were also well
represented by both devices (Fig. 4E-G). However, the
higher-frequency sections of the marine mammal record-
ings, such as echolocation clicks, disappeared into the
background noise at frequencies above 20 kHz; at these
high frequencies, the non-HydroMoth recordings (Sound-
Trap and HTI-96-Min hydrophone) all showed a clearer
signal than the HydroMoth recordings, with less

‘background noise’ and more defined clicks and whistles
(Fig. 4E-G).

In the test of directionality in HydroMoth’s ability to
detect dolphin whistles, instruments facing in opposite
directions had different detection capacities. In simulta-
neous recordings taken by back-to-back HydroMoths, one
failed to record the whistle and clicks of an unknown
Odontocete species that were detected by the other
(Fig. 5). Although our study does not formally quantify
the directional bias in HydroMoth recordings, this anec-
dotal evidence raises the important issue that sounds
from certain angles may not be picked up by these
devices.

Recordings of coral reef soundscapes

Simultaneous recordings of the same coral reefs, taken by
five different HydroMoths and one SoundTrap 300 STD,
demonstrated that the between-HydroMoth error when
recording the same reefs was relatively small compared to
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Figure 3. (A) The signal-to-noise ratio (SNR) of two SoundTrap 300 STDs and five HydroMoths, where boxplots represent medians (thick lines),
interquartile (boxes) and full (whiskers) ranges alongside colour-coded data points for each individual device. (B-D) Power spectral densities (PSDs)
of recordings of loudspeaker playback of (B) sine-wave sweep, (C) multitone and (D) white noise, taken with one SoundTrap 300 STD and five
HydroMoths. Shown are the SoundTrap data in black, the mean of the HydroMoth data in blue, with a ribbon representing the standard error
(n = 5). The residuals for each relationship (SoundTrap — HydroMoth) are plotted in red.

the between-habitat variation when recording different
reefs (Fig. 6A,B). When comparing between different
types of instrument, the HydroMoths and SoundTrap
gave very different results for the ACI on the same reef
(Fig. 6A), but similar results for snap rate (Fig. 6B). As
such, the between-HydroMoth error (i.e. HydroMoth vs
HydroMoth) was consistently low for both ACI and the
snap rate, but the error between different types of
recorder (i.e. HydroMoth vs SoundTrap) was high for
ACI and low for snap rate. The differences between
healthy and degraded reef soundscapes recorded by
HydroMoths were statistically significant for both ACI
(Fig. 6C; 9 = 24.48; p < 0.001) and snap rate (Fig. 6D;
e = 22.08, p < 0.001); in both cases, the magnitude of
these differences was more than double the between-

HydroMoth error recorded for multiple HydroMoths on
the same reef.

Discussion

This study demonstrates that despite an abundance of
available low-cost ($50-500) devices used to record ter-
restrial wildlife, there are no commercially available low-
cost autonomous recording units suitable for underwater
applications (Fig. 2). This disparity may be due to differ-
ences in the functional quality of instruments between the
two realms; existing aquatic recorders are generally high-
performance instruments with a range of advanced fea-
tures that are not shared by all terrestrial recorders
(Sousa-Lima et al., 2013). Alternatively, aquatic recording
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Figure 4. Waveforms and spectrograms created from recordings of animal vocalisations taken simultaneously with a HydroMoth and a
SoundTrap 300 STD (A-D), a HydroMoth and a SoundTrap 300 HF (E and F) or a HydroMoth and an HTI-96-Min hydrophone (G). (A-D) fish
vocalisations from unidentified species recorded on a coral reef in French Polynesia (silhouettes represent taxonomic families known to produce
similar sounds); (E) orca (Orcinus orca) whistle recorded from a fixed mooring in South Africa, (F) dusky dolphin (Lagenorhynchus obscurus) clicks
recorded from a boat in South Africa; (G) bottlenose dolphin (Tursiops sp.) whistles and clicks recorded in captivity at uShaka Marine World,
South Africa. Note the different y-axis (frequency) values in each panel.
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Figure 5. Waveforms and spectrograms of two simultaneous
recordings taken with two HydroMoths deployed back-to-back in the
same location. Whilst the first HydroMoth (A) recorded clicks and a
whistle of an unknown Ondotocete species, the second HydroMoth
(B) did not detect any animals.

units may be more expensive because their housings must
withstand greater environmental stress than many terres-
trial recorders; it is more expensive to build a case that
can stay waterproof at depth underwater than a case that
can stay waterproof in rain. Further, this disparity may be
due to differences in market demand; the telecommunica-
tions and computing industry has driven substantial
recent advances in low-cost microphones (Fueldner,
2020). These low-cost microphones are readily translat-
able into terrestrial PAM devices (Van Renterghem et al.,
2011), but may not work as well for aquatic applications
because they are designed to work in air rather than
underwater. Whatever the driving mechanism, it is clear
that equipment costs represent a significant financial hur-
dle to carrying out passive acoustic monitoring underwa-
ter compared to in terrestrial environments.

HydroMoth: A Low-cost Aquatic Sound Recorder

We tested a prototype low-cost underwater sound
recorder (the HydroMoth), created using a modified
existing terrestrial device (AudioMoth) for a total cost of
less than $140 (AudioMoth [$79] + case [$40] + SD card
[$19] + batteries [$1]); this is more than 20 times cheaper
than the cheapest commercially available underwater
autonomous recording unit (SoundTrap 300STD, $3000).
The two devices are similar in their deployment require-
ments (small devices requiring attachment to a weight or
rope), and have comparable maximum recording times
(10 days continuous for HydroMoth; 13 days continuous
for SoundTrap; capacity to substantially increase battery
life using a duty cycle in both instruments). We com-
pared the underwater recordings of HydroMoths to those
of SoundTraps in a range of scenarios, finding that whilst
the HydroMoth generally exhibited lower performance
than the SoundTrap, its quality of recording would likely
be adequate for many purposes in underwater wildlife
monitoring, conservation and research.

Limitations of HydroMoth

Our tests revealed several important limitations in the
performance capacity of HydroMoths (summarised in
Box 1). Many of these limitations may be mitigated by
using an external microphone or hydrophone in combi-
nation with the AudioMoth 1.2.0 or AudioMoth Dev
recorders; this would require extra waterproofing to be
fully submersible, in a similar set-up to other ‘sensor +
recorder’ systems in Dataset S1. However, this study is
limited to tests of the capacity of HydroMoth working as
an autonomous recording unit using its integrated MEMS
microphone.

First, the signal-to-noise ratio of HydroMoths was sub-
stantially lower than that of SoundTraps; this indicates
that HydroMoths may be less likely to detect very quiet
signals. This ability for HydroMoths to detect signals was
frequency-dependent. HydroMoth matched the frequency
response of SoundTrap 300 STD (specified by SoundTrap
manufacturers as flat £3 dB error) relatively closely at
frequencies below 15 kHz (Fig. 3), and accurately
recorded a range of animal vocalisations in this frequency
bandwidth (Fig. 4). However, HydroMoth performed dif-
ferently from SoundTrap 300 STD at higher frequencies.
In the range 15-25 kHz, HydroMoth recorded a stronger
signal than SoundTrap 300 STD for artificial tones
(Fig. 3), and recorded background ‘noise’ that was not
present in simultaneous HTI-96-Min hydrophone record-
ings (Fig. 4G). This suggests that HydroMoth may be
recording some self-noise or resonance between these fre-
quencies. By contrast, HydroMoth failed to detect the
sounds of some marine mammals above 40 kHz (Fig. 4F);
this corresponds to a relative low sensitivity at these
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Figure 6. (A and B) The differences in Acoustic Complexity Index values (A) and snap rates (B) caused by recording with different HydroMoths
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frequencies in the microphone used by HydroMoth
(Knowles Electronics, 2013). It may be possible to com-
pensate for this loss of detection ability at high frequen-
cies by increasing the gain level, albeit at the expense of
likely clipping during loud or nearby low-frequency
sounds. This approach would require prior knowledge of
the likely range of target frequencies and amplitudes; as
such, this device is expected to perform best when the
targeted sounds are known and the range of amplitudes
at targeted frequencies is not too wide.

Second, HydroMoths have a directional bias because
their case is asymmetrical and the microphone is situated
in one corner of the device. This direction-dependent sen-
sitivity to sound was evidenced by the discrepancies in
detection of dolphins by back-to-back HydroMoths
(Fig. 5). This directional bias may not be unique to
HydroMothy; it is likely that most hydrophones have some
degree of directional bias, because the instruments

12

themselves are not spherical. However, most commercially
available hydrophones use an omnidirectional sensor that
extrudes from the rest of the device, to minimise this var-
iation in directional sensitivity. In contexts where the
directional bias exhibited by HydroMoth is problematic,
it may be possible to compensate by deploying multiple
HydroMoths oriented in different directions, to increase
the effective ‘recording arc’.

Third, HydroMoths has not been through the same cal-
ibration process as most purpose-built hydrophones,
meaning that there is considerable uncertainty surround-
ing its sensitivity and frequency response. Users of
HydroMoths could calibrate the device themselves, but
this process is best performed in large tanks and/or with
high-precision instruments (Hayman et al., 2016, 2017),
making it expensive and difficult to achieve for pro-
grammes on a low budget. An uncalibrated device pre-
cludes some common applications of underwater
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Box 1. Limitations to be aware of when using HydroMoth
underwater

-Low signal-to-noise ratio. HydroMoth has higher ‘self noise’
than some specialist recorders (Fig. 3), meaning that it may not
be adequate for recording very quiet sounds.

-Directionality bias. HydroMoth is asymmetrical, meaning that
it is more likely to pick up sounds from certain directions than
others (Fig. 5); this is true, to some extent, for any recording
device.

-Uncalibrated recordings. HydroMoth has not been factory
calibrated underwater like some other instruments have. This
means that quantification of how loud or how close a sound
source cannot be done with HydroMoths that have not been
independently calibrated.

-Instrument error. Like all recording devices, HydroMoth has
an associated error, meaning that identical devices recording
the same sound may give slightly different outputs. Results
must be analysed while considering the magnitude of this error
(e.g. Fig. 6).

-Lack of comparability with other instruments. HydroMoth
does not have the same frequency response as other types of
hydrophone, so recordings should not be quantifiably compared
between different instruments.

-Other costs of PAM. Expensive recorders are not the only
cost associated with PAM; even though HydroMoth reduces the
cost of buying equipment, there are still expenses associated
with deploying and collecting recorders, storing data and ana-
lysing results.

recording for which quantification of the sound-pressure
level is required (Merchant et al., 2015); for example,
studies that compare the absolute sound-pressure level of
different ecosystems (e.g. Bertucci et al., 2016; Gordon et
al., 2018), or that quantify the level of noise pollution
that animals are exposed to (e.g. Harding et al.,, 2018;
McCloskey et al., 2020), could not be carried out using
an uncalibrated device.

Fourth, as with all instruments, HydroMoth has instru-
ment error; simultaneous recordings from different
HydroMoths on the same reef generated small differences
in ACI and snap rate (Fig. 6A,B). Some of this error may
have come from the unavoidable differences in instru-
ment positioning in this test; the five HydroMoths were
positioned directly on top of each other, so were record-
ing the same soundscape from several centimetres apart.
However, other studies have also demonstrated small dif-
ferences in ecoacoustic metrics when multiple hydro-
phones have simultaneously recorded the same reef
(Kaplan et al., 2015). In comparing outputs from any
hydrophone, care must be taken to analyse results in the
light of the recording device’s likely instrument error.

Fifth, recordings from HydroMoths are not directly
comparable with those from other types of device; for
instance, HydroMoth recordings gave substantially

HydroMoth: A Low-cost Aquatic Sound Recorder

different ACI values than SoundTrap recordings of the
same reef (Fig. 6A). This is likely to be due to differences
between the frequency responses of the two types of
device (Fig. 3); the ACI is based on differences in ampli-
tude between adjacent time samples within multiple fre-
quency bands (Pieretti et al, 2011), meaning that
instruments with different frequency response curves are
likely to produce different ACI values. It is accepted good
practice that recordings from uncalibrated instruments
cannot be quantitatively compared with each other (Mer-
chant et al., 2015); as such, quantitative metrics like the
ACI should not be used to compare HydroMoth record-
ings with those taken on other devices.

Finally, it is important to remember that the cost of
recording instruments represents only one part of the
costs associated with PAM programmes. Whilst Hydro-
Moth might provide a device that is less expensive than
other commercially available options, substantial financial
hurdles associated with deployment, retrieval and data
management may still remain. In contexts where these
operational costs are much higher than the costs of buy-
ing recording devices, HydroMoth may not substantially
reduce the cost of PAM. Further, the technical support
model adopted by Open Acoustic Devices is centred
around an open-source support forum where users advise
and help each other (www.openacousticdevices.info/
support); this is a support model that assumes users have
the capacity and expertise to engage in assisted trouble-
shooting, which may not be appropriate in all cases.
Where users require product warranties and professional
technical support, HydroMoth may not prove to be a
cost-effective solution.

Potential applications for HydroMoth

Despite these limitations, there are still many applications
for which HydroMoths are likely to be suitable. First, we
demonstrate HydroMoth’s ability to clearly identify and
discriminate between animal vocalisations (Fig. 4). These
devices could therefore be used for presence/absence
assays of soniferous animals. For example, acoustic
methods are already used in underwater environments to
monitor invasive, cryptic and rare species (Jaramillo-
Legorreta et al., 2017; Juanes, 2018; Rountree & Juanes,
2017), individual animals (Longden et al, 2020) and
acoustic behaviours such as spawning aggregations (Bol-
gan et al, 2018; Erisman & Rowell, 2017). The low cost
of HydroMoth increases the feasibility of large-scale
deployments of many instruments over an area, substan-
tially increasing the potential operational scale of such
acoustic monitoring programmes. As well as monitoring
of soniferous animals, HydroMoths could capture data on
anthropogenic events such as noise pollution, illegal
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shipping activity or blast fishing, in a similar fashion to
existing terrestrial applications for AudioMoths detecting
gunshots and chainsaws in tropical forests (Hill et al.,
2018; Sethi et al., 2020). The clarity of recordings (espe-
cially those below 20 kHz) was generally high enough to
identify signature whistles (Fig. 4), mirroring existing
applications for AudioMoths in the terrestrial realm,
where they provide valuable information regarding quali-
tative descriptions of species calls (Fianco et al., 2019).

Second, this study demonstrates the capacity for
HydroMoth recordings to be used in calculating ecoa-
coustic indices in a real-world monitoring context. The
HydroMoth recordings of coral reef soundscapes were
adequate for clearly discriminating between a healthy
and degraded coral reef, with the between-HydroMoth
error from a single location low enough to be useful in
this application (Fig. 6). We deliberately chose two habi-
tats at extreme opposite ends of an ecological health
spectrum for this proof of concept study; further work
might now valuably test the ability of HydroMoth
recordings to discriminate between more subtly different
soundscapes. Access to a large number of cheap acoustic
sensors could significantly increase the spatial scale and
replication of ecoacoustic studies across a range of habi-
tats, increasing their power to assess the ecological status
of ecosystems (Sueur & Farina, 2015). Further, Hydro-
Moth can calculate acoustic indices in real time and save
these summary data instead of large WAV files (Hill et
al., 2018). This process could bypass the time-consuming
post-processing of raw audio data that can hamper
large-scale PAM studies, saving valuable time for users
and increasing the capacity for additional research in this
area.

As well as expanding existing PAM applications like
detection of vocalisations and calculation of ecoacoustic
metrics, low-cost recording devices might facilitate new
developments within the field. Increasing the amount of
audio data available would likely increase opportunities
for machine learning-based source separation, detection,
identification and classification. These emerging tech-
niques are already being applied successfully in areas of
bioacoustics where global participation is high, such as
the detection of cetaceans (Jiang et al., 2019; Zhong et al,,
2020) and the classification of rainforest soundscapes
(Sethi et al., 2020). However, a paucity of data prevents
such approaches from being used and developed in many
other biomes; introducing affordable recording methods
might lead to data collection on the scales necessary to
expand the adoption of these novel techniques (Kasten et
al., 2012; Mooney et al., 2020).

In conclusion, low-cost devices such as HydroMoth
mean that aquatic bioacoustics no longer needs to be the
preserve of a well-funded minority. Rather, low-cost

T. A. C. Lamont et al.

instruments will dramatically expand opportunities for
inclusive PAM programmes that could benefit research,
monitoring and conservation worldwide.
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