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Highlights 

 We tested the value of low-cost consumer-grade action cameras (GoPro) to record 

underwater soundscapes for passive acoustic monitoring 

 We show that GoPro recordings, if taken with the right settings, can issue reliable acoustic 

indices including temporal variability, acoustic complexity and acoustic richness 

 Although GoPros are less sensitive than hydrophones, they can still be used as event 

detectors and for monitoring aquatic animal vocalisations  
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Abstract 10 

Underwater passive acoustic monitoring (PAM) is of growing importance for monitoring the health of 11 

aquatic environments. Standard practices use expensive hydrophones to sample soundscapes. They 12 

must either be linked to surface recording rigs or use autonomous instrumentation which comes at a 13 

premium cost. Although citizen science projects could be of great value to PAM by increasing the 14 

number of underwater recordings collected around the world, there is a lack of available low-cost and 15 

user-friendly recording hardware. However, consumer-grade action cameras potentially offer an 16 

accessible alternative to traditional hydrophones, capable of capturing underwater acoustic 17 

recordings.  18 

We evaluated the performance of two models of GoPro underwater action cameras deployed as PAM 19 

recorders. We tested these cameras against a research-grade hydrophone in a range of shallow 20 

tropical sea environments. First, in a sandy area away from reef habitat, we took simultaneous 21 

recordings of loudspeaker playbacks of known acoustic signals using all three instruments. We then 22 

performed repeated deployments on different coral reef sites in which all three instruments were 23 

placed side-by-side to record simultaneously the same natural reef soundscapes. We calculated eight 24 

of the most commonly used ecoacoustic indices used in marine soundscape ecology, and assessed 25 

the reliability and quantitative accuracy of these compared to the hydrophone. 26 

Although not calibrated, GoPros captured recordings from which selected ecoacoustic indices could 27 

be calculated reliably, including temporal variability, the acoustic complexity index and acoustic 28 

richness. Metrics derived from GoPros can be valuably compared between recordings taken using the 29 
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same model, but are not directly comparable with hydrophone-derived values. We outline the best 30 

settings for collecting soundscape data with GoPros. 31 

Underwater action cameras are used frequently by marine scientists, sports enthusiasts and tourists 32 

around the world. Their capacity to capture soundscape recordings represents a valuable approach 33 

for the global expansion of PAM through citizen science. 34 

 35 

Keywords:  36 

Bioacoustics, Ecoacoustics, Soundscape Ecology, Passive Acoustic Monitoring, Coral Reef, GoPro, 37 

Hydrophone.  38 

  39 



15 
 

1. Introduction 40 

Aquatic invertebrates, fish and mammals produce a diverse array of sounds during communication 41 

and foraging (Tricas & Boyle, 2009; Gedamke & Robinson, 2010; Coquereau et al., 2016). The 42 

cumulative presence of this biophony combines with geophonic inputs such as weather and tidal 43 

sounds to produce a natural soundscape that contains valuable acoustic information about an 44 

ecosystem (Erbe et al., 2015), although in some places the natural soundscape is also becoming 45 

increasingly modified by human activities (Duarte et al., 2021). Listening to the soundscape can 46 

reveal important information to ecologists about habitat quality and the abundance and diversity of 47 

sound-producing organisms (Lindseth & Lobel, 2018; Bradfer-Lawrence et al., 2019). The emerging 48 

practice of soundscape ecology uses underwater acoustic recorders for passive acoustic monitoring 49 

(PAM) of these habitats (Merchant et al., 2015). This approach provides a low effort, non-invasive 50 

complement to remote and in-water visual surveys, that is capable of continuous data collection over 51 

previously impossible temporal scales, including at night and in deep and turbid environments. 52 

Recent progress in PAM includes development of acoustic indices that predict for biodiversity and 53 

habitat quality (Depraetere et al., 2012; Sueur et al., 2014). Each index produces a single value for a 54 

recording that characterises a property of the soundscape, such as its complexity or uniformity 55 

(Sueur, 2018). Typically, this is performed on short windows of time and compared across broader 56 

temporal or spatial scales to reveal useful trends. The use of acoustic indices to assess ecosystems is 57 

well established in terrestrial ecology (Bradfer-Lawrence et al., 2019), but relating acoustic indices 58 

with other ecological characteristics in marine environments is less developed (Kennedy et al., 2010; 59 

Piercy et al., 2014; Kaplan et al., 2015; Nedelec et al., 2015; Bohnenstiehl et al., 2018; Bradfer-60 

Lawrence et al., 2019). Nevertheless, generalised patterns in marine soundscapes are beginning to 61 

emerge and acoustic indices are becoming recognised as useful tools to advance the use of PAM to 62 

perform rapid monitoring of marine habitats (Harris et al., 2016; Gordon et al., 2018; Lindseth & Lobel, 63 

2018; Elise et al., 2019). 64 

Acoustic indices are usually calculated from recordings that have been taken using one or more 65 

omnidirectional hydrophones linked to an acoustic recorder and a battery (Sousa-Lima et al., 2013; 66 

Merchant et al., 2015). These hydrophones contain a piezoelectric transducer which converts sound 67 

pressure into an electrical current which is amplified and cabled to a digital recorder on the surface or 68 
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on land (Lau et al., 2002). Modern autonomous setups include a hydrophone, battery, recorder and 69 

memory in a compact, self-contained waterproof system; greatly improving the ease of deployment 70 

and widening the scope of investigations compared to traditional cabled systems (Sousa-Lima et al., 71 

2013). Cabled setups cost hundreds to thousands of dollars (USD) and autonomous hydrophones 72 

cost several thousand dollars (Sousa-Lima et al., 2013; Merchant et al., 2015). Low-cost alternatives 73 

may be possible through self-assembly, but this requires a high level of expertise for assembly and 74 

deployment. Underwater acoustic recordings are therefore rarely included in citizen science projects, 75 

because the hydrophones required are expensive and not sufficiently user-friendly for citizen 76 

scientists.  77 

Consumer-grade action cameras are an accessible, easy to operate and rugged tool which are 78 

capable of collecting acoustic recordings underwater. F79 

California, US), primarily designed to collect high-definition videos and images, also record audio 80 

underwater using three internal microphones, and have an underwater housing rated to 40 m depth. 81 

These devices combine the three audio channels and video into a single MP4 (MPEG-4) file, and all 82 

but the earliest versions (HERO3 onwards) o  enable audio to also be 83 

captured as a raw wave file (WAV; Waveform Audio File Format) with no automated dynamic gain, 84 

compression or other processing. This provides higher quality audio than that embedded in the MP4 85 

video. GoPros are frequently used in marine science as effective low cost video cameras for surveys 86 

and behavioural observations (Ford et al., 2018; Villon et al., 2018; Lefcheck et al., 2019). They are 87 

self-contained and easily deployed, and popularly used in citizen science projects, for example as an 88 

underwater photogrammetry tool (Raoult et al., 2016), or for monitoring artificial reefs (de Virgilio et 89 

al., 2020) and seagrass meadows (Florisson et al., 2018). However, the prospect of capitalising on 90 

the audio capabilities of consumer-grade devices such as these for soundscape ecology is yet to be 91 

explored.  92 

In this study, we assessed the reliability of GoPro cameras as sound recorders, to use in projects 93 

where calibrated recordings are not essential. We tested (i) the performance of GoPro sports cameras 94 

by recording the playback of known acoustic signals, and (ii) the reliability and quantitative accuracy 95 

of acoustic indices calculated from their recordings, by deploying these devices in coral reef habitats 96 

known for their rich soundscape (Staaterman et al., 2013; Nedelec et al., 2015). Acoustic metrics from 97 
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sports cameras were compared with those from simultaneous recordings from a calibrated research-98 

grade hydrophone (SoundTrap 300 STD, Ocean Instruments, Auckland, NZ). We defined reliability as 99 

the consistency of results obtained from GoPros, measured by the strength of their correlation with 100 

results obtained by the hydrophone. If reliability was satisfactory, we also tested for quantitative 101 

accuracy, defined as how closely the metrics deviated from those from the hydrophone recordings. 102 

 103 

2. Materials and Methods  104 

2.1 Study site 105 

All recordings were taken in November and December 2019, in shallow-water coral reef habitat south-106 

west of Lizard Island Research Station, Great Barrier Reef, Australia ( Fig. 1). 107 

Lizard Island is a mid-shelf island in the northern Great Barrier Reef, situated 27 km offshore and 17 108 

km from the outer Greater Barrier Reef. A playback experiment was performed on a 4 m deep 109 

sandflat site 50 m from the nearest reef (red arrow in Fig. 1C). To sample the reef soundscape, the 110 

recording devices were then deployed by snorkelers at 11 randomly selected reef flat sites at depths 111 

from 2 8 m (black and white arrows in Fig. 1C). 112 

 113 

Figure 1. Study sites used for comparing sports camera acoustic recordings with simultaneous 114 

recordings from a research-grade hydrophone. (A) Lizard Island 115 

mainland Australia. (B) Aerial view of Lizard Island. (C) Locations where GoPros were placed 116 

alongside the hydrophone to collect recordings: red arrow indicates location of the playback 117 
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experiment, white arrows indicate where both GoPro 5 & 7 recordings were taken, black arrows 118 

indicate GoPro 7 recordings only (Maps: Google Earth, Maxar Technologies). 119 

  120 

2.2 Equipment 121 

A calibrated SoundTrap (300STD, Oceans Instruments, NZ) was used as the reference standard 122 

hydrophone. It is a self-contained device with an omnidirectional receiver and an inbuilt digital 123 

recorder (288 kHz maximal sampling rate (48 kHz used in this study), 16-bit resolution, 0.02 60 kHz ± 124 

-noise above 2 kHz, maximum gain before clipping 186 dB 125 

 126 

 127 

Three GoPro HERO5 Black and two GoPro HERO7 Black (GoPro , California, USA) cameras were 128 

used, hereafter referred to as GoPro 5 and GoPro 7 respectively. All cameras were enclosed in the 129 

. Each GoPro contains three internal microphones 130 

with a sampling rate of 48 kHz. To maximise battery and memory, cameras were set to record videos 131 

at the lowest resolution and frames rate per second possible for both cameras (720p, 60fps), and they 132 

were WAV ccessible 133 

through the user interface. Detailed set-up guidance is included in Appendix Fig A.1. 134 

 135 

2.3 Playback experiment 136 

To investigate differences between GoPro models (5 and 7), between devices of the same 137 

model,between GoPros and the SoundTrap, and between the two forms of audio captured by GoPros 138 

(raw and within the video), a playback experiment was performed using two artificial acoustic signals 139 

generated by an underwater speaker. The acoustic signals were created in Audacity (v2.3.1, The 140 

Audacity Team, 2020). The first signal consisted of nine pure tones (1 to 17 kHz in 2 kHz intervals) 141 

played simultaneously. The second signal was a sine sweep that increased linearly from 0 to 20 kHz 142 

over a 10 second duration. An underwater speaker (University Sound UW-30; max output 156 dB re 1 143 

.1 10 kHz; Lubell Labs) powered by an amplifier (M033N, 18 W, 144 

frequency response 0.04 20 kHz; Kemo Electronic GmbH), and a battery (12v 12Ah sealed lead acid) 145 

was used. Playback sounds were generated by an MP3 player (Clip Jam; San Disk, Milpitas, CA, 146 

USA). In turn, each device was placed on a 2 m marker in front of the underwater speaker and left for 147 
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several cycles of the playback track. Each device was suspended and set to record in the same 148 

manner outlined for the reef deployment. To prevent disturbance, recordings were taken whilst the 149 

sea-state was calm (Douglas scale), the wind was 0 on the Beaufort scale, there was no rain, and no 150 

snorkelers, divers or boats were in the area during each recording.  151 

In addition, we used the same playback setup to investigate the signal-to-noise ratios (SNR) of two 152 

SoundTraps and three GoPros (model 5), but deployed them in a tank onshore to benefit from a 153 

quieter environment. We used a 1000 L tank, filled with seawater and placed on polyethylene foam to 154 

isolate it from vibrations. The devices were placed one by one into a set position and exposed to a 155 

playback of white noise and silence played by the speaker. Three sections of 0.5 s of white noise and 156 

0.5 s of silence were recorded to calculate the SNR for each device. 157 

 158 

2.4 Acoustic Analysis 159 

To explore similarities and differences between each GoPro recording and the hydrophone recordings 160 

from the playback experiment, spectrograms and power spectral density (PSD) plots were generated 161 

and SNR calculated using a custom made script in MATLAB (v. 9.8.0, R2020a, The MathWorks Inc. 162 

Natticks, MA, USA). These were performed on recordings of playback of the two controlled acoustic 163 

signals, and also on 30-second reef soundscape recordings taken simultaneously at 11 different reef 164 

sites (see Materials and Methods 2.3). All sounds were first normalised before building spectrograms, 165 

for which FFT windows of 128, 256, and 512 samples with a 75% overlap were used for the multi-166 

tone, sweep and reef soundscape recordings respectively. The PSDs were computed using a 167 

rectangular window, and the bandwidth containing 99% of the total integrated power of the spectrum 168 

was also calculated. The hydrophone was used as the standard reference against which GoPro 169 

recordings were compared. 170 

 171 

2.5 Recordings of reef soundscapes 172 

Both the hydrophone and GoPros were suspended on vertical ropes at matching heights of 0.5 m 173 

above the seabed, less than 0.5 m apart, using small sub-surface buoys, dive weights, rope and cable 174 

ties (Fig. 2). The devices were left to record for 120 minutes, which was the limit of the battery life of 175 

the GoPros. Recordings with excessive motorboat noise, whereby five 30 s segments could not be 176 

extracted without boat disturbance, were discarded. As with the playback experiment, recordings were 177 
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only taken when the wind was low (0  2 on the Beaufort scale), the sea state was calm or smooth (on 178 

the Douglas scale) and there was no rain. 179 

 180 

Figure 2. (A) GoPro 5 & 7 being deployed next to the hydrophone which can be seen on the left. 181 

(B) Devices were repositioned until all were suspended 0.5 m above the seabed. 182 

 183 

Eleven successful recordings were taken with GoPro 7s and eight with GoPro 5s (due to 184 

camera/battery failure). Audio tracks were extracted as WAV files from the GoPro MP4 videos 185 

(hereafter called Video Audio) Canberra, Australia). These 186 

tracks, alongside WAV files from the hydrophone and Raw Audio GoPro files, were uploaded into 187 

MATLAB and temporally aligned to a high precision using the AlignWave function (Chen, 2020). The 188 

first fifteen minutes were removed from each track to remove any disturbance created by the 189 

snorkelers deploying the recording devices underwater. The following 15 minute period was used in 190 

all recordings for further analysis. From this 15 minute window we subsampled five randomly selected 191 

non-overlapping 30 second periods from each track, which were temporally matched between GoPros 192 

and the hydrophone. These subsamples were screened for boat noise aurally and by inspecting 193 

spectrograms; if boat noise was present an alternative 30 second period that did not overlap any of 194 

the existing periods was selected randomly. In total, 55 subsamples were collected from the GoPro 7s 195 

cameras (55 Raw Audio (WAV), 55 Video Audio (from MP4)), and 40 subsamples from the GoPro 5s 196 



21 
 

(40 WAV, 40 MP4), which were temporally matched across the eleven and eight successful recording 197 

days respectively, all with time-matched hydrophone subsamples. 198 

  199 

2.6 Ecoacoustic indices 200 

We identified eight indices (Table A.1) that have been shown in one or more published studies to 201 

exhibit a relationship with some aspect of the local community ecology when applied to the marine 202 

environment: Acoustic Complexity Index (ACI), Acoustic Diversity Index (ADI), Acoustic Entropy (H), 203 

Acoustic Evenness Index (AEI), Acoustic Richness (AR), Bioacoustic Index (BI), Temporal Variability 204 

(TV), and Snap Rate. The selected indices were calculated in R (v3.4.2. R Development Core Team, 205 

2020) using the Seewave (Jerome Sueur, Aubin, & Simonis, 2008) and Soundecology (Villanueva-206 

Rivera, Pijanowski, & Villanueva-Rivera, 2018) packages, except for Snap Rate which was calculated 207 

in MATLAB using a custom-made script adapted from Gordon et al. (2018). Two frequency bands 208 

were considered for every index (low: 0.1 1.5 kHz; high: 1.5 20 kHz) except for Snap Rate as the 209 

low-band alone is typically not considered (Bohnenstiehl et al., 2016), instead the high band alongside 210 

the full spectra (0.1 20 kHz) were used. These bands were created using inbuilt frequency filters in 211 

Seewave and Soundecology for indices for which this was available. If not, minimum order 212 

Butterworth bandpass filters with a 40 dB roll off were implemented in MATLAB to tracks prior to 213 

analysis.  214 

 215 

2.7  Statistical Analysis 216 

We used a method comparison approach (Magari, 2002; Carstensen, 2011) to assess the reliability 217 

and quantitative accuracy of the GoPro recordings against the hydrophone recordings (our reference 218 

standard). Individual comparisons between the hydrophone and GoPro recordings were made for 219 

each ecoacoustic index using a single paired measure method comparison approach (Abu-Arafeh, 220 

Jordan, & Drummond, 2016). Little consistency in the distribution of datasets was observed, therefore, 221 

non-parametric statistical tests were selected. All analysis was performed in R using the MethComp 222 

v1.30.0 package (Carstensen et al., 2012). 223 

 224 

Two complementary tests were selected: (i) a Spearman s rank-order correlation test was used to 225 

quantify the reliability of the GoPros against hydrophones by testing the strength of their linear 226 
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relationship (Magari, 2002); (ii) a Passing-Bablok regression was used to determine whether the 227 

sensitivity of each GoPro-index combination under inspection was numerically equivalent to that of the 228 

hydrophone by quantifying the proportional and constant bias (Bilic-Zulle, 2011). In combination, 229 

these two tests provide information on the reliability of GoPro recordings for calculating the 230 

ecoacoustic indices in question and whether they are equivalent to indices derived from the 231 

hydrophones recordings (Magari, 2002). Without the Spearman test, the reliability of GoPro results 232 

against the hydrophone cannot be determined, and without the Passing-Bablok test, it is not be 233 

possible to determine whether a GoPro-derived index can be used interchangeably with a 234 

hydrophone, or whether it may need correcting based on consistent bias.  235 

 236 

3. Results 237 

3.1 Playback experiment: spectrograms 238 

Spectrograms obtained from the playback experiment demonstrate success in recording underwater 239 

sound with GoPros (Fig. 3). On each plot, the occupied bandwidth shows the frequency band that 240 

contains 99% of the power of the signal. Under visual inspection, the main features of the multi-tone 241 

and the sine sweep signals are clear in all spectrograms. Differences within the same model (5 or 7) 242 

and audio (Raw or Video) options were negligible (Appendix Fig. A.2). However, notable differences 243 

between models and audio options were observed. This included a difference in average power due 244 

to a different level of automatic gain applied by each device: the gain was highest for the GoPro Video 245 

Audio, lowest for the GoPro Raw Audio with the hydrophone gain in the middle. The sensitivity at 246 

different frequencies is seen in the sine sweep, where a consistent intensity is observed with the 247 

hydrophone, in accordance with its flat response. The distribution of power also appears reasonably 248 

consistent on the GoPro 7 Raw Audio spectrogram. However, for audio extracted from videos 249 

recorded by both models, lower frequencies exhibit an increased power compared to higher 250 

frequencies. This skewed frequency response is also shown in the reef soundscape spectrograms, in 251 

which the hydrophone displays consistent broadband noise from a low frequency up to 20 kHz (also 252 

see Fig. 4), whereas the Video Audio for both devices shows a greatly reduced intensity at 253 

frequencies above 15 kHz. To a lesser degree, the GoPro7 Raw Audio exhibits a slightly reduced 254 

intensity for signals above 10 kHz, whilst the GoPro 5 shows more consistency. Additionally, the 255 

presence of more discrete discrepancies in the amplitude of some narrower frequency bands are 256 
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present in all the GoPro recordings whereas the hydrophone appears uniform. The sine sweep also 257 

revealed an interesting artefact in the Video Audio files. As the sweep passed through the 8 10 kHz 258 

band a second sweep appeared following the opposite gradient. This second sweep begins at 259 

approximately 15 kHz until it reaches 11 kHz where it stops. 260 

 261 

Figure 3. Comparison of recordings from a hydrophone, GoPro7 Video Audio and Raw 262 

Audio, and GoPro5 Video Audio and Raw Audio. Spectrograms (s) show (1) simultaneous pure 263 

tones, (2) a sine sweep and (3) a coral reef soundscape. A Hamming window was used with 75% 264 

overlap, multitone window length = 128, sine sweep window length = 256, reef soundscape 265 

window length = 512. Cross-spectrograms (Xs) of each signal recorded by GoPros and the 266 

hydrophone (reference): signals were divided into 30 sample segments and each segment was 267 

windowed with a Kaiser window. High power values indicate regions of common frequencies. 268 

3.2 Playback experiment: Power spectral densities 269 
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Power spectral density (PSD) plots of the multi-tone signal revealed 18 clear peaks for the 270 

hydrophone, most likely including the nine pure tones and associated harmonics (Fig. 4). Peaks on 271 

the GoPro plots were not as clearly defined, although it was evident that the Raw Audio recording 272 

from the GoPro 7 was the closest fit to the hydrophone, with at least 14 peaks (though many at a 273 

reduced amplitude), followed by the GoPro 7 Video Audio with 11. The GoPro 5 Raw and Video Audio 274 

showed fewer peaks (around seven visible). The occupied bandwidth (containing 99% of the signal) 275 

was 8.7 kHz for the hydrophone which was closely matched by the GoPro 7 Raw Audio bandwidth of 276 

6.7 kHz, with both at the lower end of the spectrum, whereas the GoPro 5 Raw Audio was spread 277 

over a broader range of frequencies (11.0 kHz). Occupied bandwidths for audio extracted from video 278 

for both GoPro models were narrow (2.2 kHz and 2.8 kHz for the GoPro 5 and GoPro 7 respectively) 279 

and present at the lower end of the spectrum. 280 

 281 

The PSD plots of the sine sweep revealed a drop off in frequencies in the Video Audio above 15 kHz 282 

and 16 kHz for the GoPro 5 and GoPro7 respectively and exhibited 99% of their occupied bandwidth 283 

across 5.2 kHz to 9.2 kHz. Conversely, the hydrophone showed a consistent intensity across the full 284 

spectrum up to 20 kHz, with its power distributed across a broader range (99% of occupied bandwidth 285 

was 16.7 kHz). 286 

     287 

PSD plots of the reef soundscape recorded by each device also revealed that frequency responses 288 

for both GoPro devices were not flat. The Raw Audio recordings taken by both GoPros showed a 289 

slightly increased intensity relative to the hydrophone at the lower end of the spectrum (up to 7 kHz), 290 

before exhibiting a flatter response from 7 20 kHz. The Video Audio files for both GoPros showed an 291 

increased intensity at the lower end of the spectrum relative to the hydrophone which then decreased 292 

steadily as frequency increased. The PSD plots also highlight the discrepancy in the 99% occupied 293 

bandwidth between the GoPro Video Audio and the hydrophone. The bandwidth of the hydrophone 294 

was spread across 20 kHz, whereas this was only 8.8 kHz for the GoPro 5 and 8.8 kHz for the 295 

GoPro7. The Raw Audio files had a closer broadband spread to that of the hydrophone (19.6 and 20.7 296 

kHz respectively) than the Video Audio files. 297 
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 298 

Figure 4. 299 

and a coral reef soundscape (right) recorded by the hydrophone, GoPro 7 Raw and Video Audio, 300 

and, GoPro 5 Raw and Video Audio. The 99% occupied bandwidth is represented by the blue 301 

shading with the size of the frequency range included in the bandwidth estimated shown above 302 

each plot. 303 

3.3 Playback experiment: signal-to-noise ratio 304 

The mean SNR of the white noise was 35.7 dB (± 1.83 SE) for the two Soundtraps and 10.17 dB (± 305 

2.00 SE) for the 3 GoPro 5 (Raw format). 306 

3.4 Reef soundscape: Reliability of GoPro-derived acoustic indices 307 

The correlation between indices from the GoPro and hydrophone recordings was tested to assess the 308 

reliability of the indices calculated from GoPro recordings (Fig. 5; all values for each index calculated 309 
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are presented in Appendix B. Low band acoustic richness (AR) calculated from GoPro 7 Raw Audio 310 

recordings had the strongest correlation (rho = 0.98, p<0.001) with AR from the hydrophone, with four 311 

other indices also exhibiting highly significant correlations (rho>0.9, p<0.001). At the lower end, other 312 

GoPro-derived indices showed little to no correlation with those derived from hydrophone recordings. 313 

 314 

Indices derived from GoPro 7 recordings were consistently more highly correlated with the 315 

hydrophone, outperforming the GoPro 5s, with the strongest correlations seen with GoPro 7s for 15 316 

out of the 16 ecoacoustic indices. The exception was low band acoustic entropy (H) calculated from 317 

GoPro 5 Raw Audio recordings (rho = 0.75, p<0.001). Raw Audio was more strongly correlated with 318 

the hydrophone than Video Audio in 12 cases for GoPro 7 and 11 cases for GoPro 5. 319 

 320 

Results for any one index were often inconsistent across models and Raw/Video Audio. However, 321 

some were generally more strongly correlated. Across both frequency bands, AR, TV, ACI and H 322 

reported strong correlations for three out of four model/audio types (rho>0.5, p<0.001). At the lower 323 

end, BI and Snap Rate showed little correlation in most instances. ADI and AEI exhibited a general 324 

reliability (rho = 0.46 0.7, p<0.001) except when GoPro 5 Video Audio was used which showed little 325 

to no correlation (rho<0.4, p>0.05 or above). 326 

  327 
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 328 

Figure 5. -order correlation test scores between indices calculated from GoPro 329 

and Hydrophone recordings. Colour gradient indicates strength of correlation, with no correlation 330 

(rho = 0) indicated by white and a perfect correlation (rho = 1 or -1) indicated by black. Rows are 331 

presented in ascending rank order of the GoPro 7 Raw Audio results. AR: Acoustic Richness; 332 

TV: Temporal Variability; ACI: Acoustic Complexity Index; H: Acoustic Entropy; AEI, Acoustic 333 

Eveness Index; ADI: Acoustic Diversity Index;  Snap: Snap Rate; BI: Bioacoustic Index. Low: 334 

0.1 1.5 kHz; High: 1.5 20 kHz. 335 

3.5 Reef soundscape: Quantitative accuracy of GoPro-derived acoustic indices 336 

Results with a significant positive correlation were tested for quantitative accuracy using the Passing-337 

Bablok regression analysis. This test reports a slope and intercept used to indicate proportional and 338 

constant bias respectively, with upper and lower confidence intervals for each (Appendix D). If these 339 

intervals encompass 1 for the slope and 0 for the intercept then the two methods under comparison 340 

(GoPro and hydrophone) are said to be in agreement and can be used interchangeably at the level of 341 

confidence set.  342 
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 343 

No GoPro-index combinations satisfied these criteria when confidence was set to 90% and above. 344 

When confidence was set to 80% one measure passed the test; low band ACI calculated from GoPro 345 

7 Raw Audio recordings, reporting adequate intervals for the slope (0.96 1.01) and the intercept (-346 

1.29 8.05) (Appendix D).  347 

 348 

4. Discussion 349 

We trialled two models of consumer-grade GoPros, for which a correlation test supported the 350 

hypothesis that these devices can be used as reliable tools to collect recordings for ecoacoustic 351 

indices in an underwater setting. However, when compared with recordings from the hydrophone, 352 

neither GoPro model passed the Passing-Bablok regression analysis with 90% confidence, 353 

suggesting that GoPros should not be used interchangeably with alternative recording devices. 354 

 355 

Our results demonstrate that GoPros can be used to provide uncalibrated measures of selected 356 

ecoacoustic indices for marine soundscapes, and that these results can be reliably compared to 357 

results from other devices of the same model. The most suitable audio recordings on a GoPro in this 358 

r enabled with the inbuilt  setting), and the 359 

GoPro 7 outperformed the GoPro 5. However, our results do not support the interchangeable use of 360 

indices from GoPro and hydrophone recordings: within a study both types of device should not be 361 

used together to make recordings that will be compared against one another. This agrees with 362 

common good practice that relative (i.e. non-calibrated) sound measures from different devices 363 

should not be directly compared (Merchant et al., 2015). More insights on interpreting reliability and 364 

accuracy are provided in Appendix C.   365 

 366 

To better understand the variation between devices we compared spectrograms and PSD plots of 367 

recordings of artificially generated signals recorded in a playback experiment as well as simultaneous 368 

recordings taken on the reef. These revealed consistent recording properties within models (5 and 7) 369 

and audio types (raw and video) (Appendix Fig. A.2). However, notable differences between these 370 

groups were observed, including average power in the normalised spectrograms (Fig. 3) which 371 

highlighted differing levels of overall gain applied by each device, including between GoPro models. 372 



29 
 

Information on the sensitivity and frequency response of most hydrophones is available to the user 373 

allowing the true acoustic signal to be determined. However, calibration is not performed during the 374 

manufacturing process of GoPros. This precludes the use of GoPros as absolute sound pressure 375 

sensors. However, our results confirm that non-calibrated devices can be used as relative sensors: 376 

each acoustic index used in this study assesses the sound recorded relative to itself so that the 377 

absolute amplitude of the signal does not change the result. 378 

             379 

Spectrogram and PSD plots demonstrated that the hydrophone (SoundTrap) captured the full extent 380 

of the multi-tone signal with a uniform frequency response for the sinusoidal sweep. GoPro video 381 

audio exhibited a skewed response towards low frequencies and rolled down at higher frequencies 382 

(above 10 15 kHz). This asymmetry was much less pronounced for recordings taken r383 

settings which could more effectively record across the full spectrum, especially for the GoPro 5. 384 

However, these plots reveal advantages of the GoPro 7 elsewhere, including strong peaks for a 385 

greater number of the multiple pure tones at higher frequencies in the PSD plots, and less variability 386 

in the sine sweep observable in the cross-spectrum and PSD plot. GoPro default settings (audio 387 

embedded in video) use automatic gain control, which auto-adjusts the gain based on how loud or 388 

quiet the input signal is, thus biasing the recordings and the estimation of indices. The frequency 389 

response of such a system is not only non-linear, but also variable depending on the input, making 390 

any comparison between recordings unreliable due to these inconsistencies. When uncalibrated, a 391 

device needs a flat response in the frequencies of interest. T392 

and GoPro 7 deliver a flatter response than the video audio, highlighting the advantage of these 393 

recordings when using them as a tool for passive acoustic monitoring (PAM). 394 

 395 

Our results support the use of GoPros for a range of underwater bioacoustics applications. The 396 

GoPros tested here record from 0 20 kHz, which covers the spectral range over which most known 397 

noises produced by reef organisms occur (Tricas & Boyle, 2009; Lillis & Mooney, 2016), and through 398 

analysis of acoustic indices derived from aquatic soundscapes within this range, has provided useful 399 

insights about underlying ecology (Kaplan & Mooney, 2016; Nedelec et al., 2016). AR, TV and ACI in 400 

both frequency bands, and H in the higher frequency band (1.5 20 kHz), calculated from GoPro 7 raw 401 

audio recordings, presented a satisfactory proportional bias (slope) and correlation. These indices 402 



30 
 

have been shown previously to have a relationship with a number of marine ecosystem attributes 403 

(Bertucci, et al., 2016; Harris et al., 2016; Gordon et al., 2018b; Elise, Bailly, et al., 2019). Although 404 

the signal-to-noise ratio was significantly smaller for GoPros than for the SoundTraps, GoPros still 405 

provide sufficient sensitivity to act as an event detection tool, and could in help monitoring aquatic 406 

animal vocalisations, other acoustic events that consist of distinct specific sounds up to 20 kHz, 407 

including anthropogenic noise pollution, and for highlighting differences in soundscapes. 408 

 409 

Commercially available low-cost acoustic monitoring devices have become frequently used in land-410 

based PAM and soundscape ecology applications (e.g., AudioMoth (Hill et al., 2018), Solo (Whytock 411 

& Christie, 2017)), with some models built for specific taxonomic groups (e.g., bats: Peersonic Ltd 412 

(https://www.peersonic.co.uk/)). These devices generally come uncalibrated yet offer the necessary 413 

requirements to answer many questions about the soundscapes and animal vocalisations. Although 414 

underwater PAM and the study of marine mammals and fish communication are increasing (Lindseth 415 

& Lobel, 2018; Würsig et al., 2018), no such tools have not yet reached the underwater world. Action 416 

cameras (such as GoPros) are used widely both by the public for aquatic recreation activities, and by 417 

marine scientists to monitor animal behaviour or assess species abundance and biodiversity. Due to 418 

their low cost and high accessibility, GoPros present an opportunity to greatly expand the field of 419 

aquatic soundscape ecology. This includes use in new forms of citizen science projects, which could 420 

allow soundscape ecologists to increase their sampling strategy across previously impossible 421 

temporal and spatial scales, and enable practitioners already using these devices for capturing video 422 

to add an additional element to their investigations through combining audio and visual data. We 423 

encourage others to capitalise on this opportunity and contribute to the global exploration of marine 424 

and freshwater soundscapes where there remains so much to be discovered. Good practice should 425 

be employed through accounting for confounding variables typically considered in the marine 426 

environment (e.g., depth, habitat type) and others such as diel and lunar periods which can have 427 

strong influences on marine soundscape (Erica Staaterman et al., 2014; M. B. Kaplan, Mooney, 428 

Lammers, & Zang, 2016). Furthermore, it is clear from this study that comparisons of metrics from 429 

recordings using different recorders should be avoided unless the level of cross-device variation has 430 

been assessed (Merchant et al., 2015). 431 

 432 
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This study shows that sophisticated underwater acoustic sensors are not always necessary for 433 

collecting valuable ecoacoustic data for remote monitoring, as more accessible action cameras may 434 

be able to contribute. It also offers a methodological framework to assess and compare novel devices 435 

against hydrophones acting as a reference standard for comparisons, as recorder-specific attributes 436 

can influence the reliability and quantitative accuracy of the metrics derived, and also to test for within-437 

model variation. As further advances in recording technology emerge and new equipment becomes 438 

available, we also encourage the testing of these against established hydrophones using a similar 439 

approach to the one presented here before employing them into large-scale collaborative aquatic 440 

soundscape monitoring programmes. 441 
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