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Abstract

Although mesophotic coral ecosystems account for approximately 80% of coral reefs, they remain largely unexplored due to
their challenging accessibility. The acoustic richness within reefs has led scientists to consider passive acoustic monitoring as
areliable method for studying both altiphotic and mesophotic coral reefs. We investigated the relationship between benthic
invertebrate sounds (1.5-22.5 kHz), depth, and benthic cover composition, key ecological factors that determine differences
between altiphotic and mesophotic reefs. Diel patterns of snaps and peak frequencies were also explored at different depths
to assess variations in biorhythms. Acoustic recorders were deployed at 20 m, 60 m, and 120 m depths across six islands in
French Polynesia. The results indicated that depth is the primary driver of differences in broadband transient sound (BTS)
soundscapes, with sound intensity decreasing as depth increases. At 20-60 m, sounds were louder at night. At 120 m depth,
benthic activity rhythms exhibited low or highly variable levels of diel variation, likely a consequence of reduced solar
irradiation. On three islands, a peculiar peak in the number of BTS was observed every day between 7 and 9 PM at 120 m,
suggesting the presence of cyclic activities of a specific species. Our results support the existence of different invertebrate
communities or distinct behaviors, particularly in deep mesophotic reefs. Overall, this study adds to the growing evidence
supporting the use of passive acoustic monitoring to describe and understand ecological patterns in mesophotic reefs.

Keywords Broadband transient sounds - Snapping shrimps - Benthic invertebrate sounds - French Polynesia - Mesophotic
coral ecosystems

Introduction

Most marine habitats are filled with biological sounds,
which can be either communication signals and/or sounds
emitted as by-products of animal activities such as feeding or
movement (Ladich 2015). The composition of sounds within
a given habitat depends on the diversity of species present,
their behavior, and activities, which are influenced by eco-
logical and environmental factors (Pijanowski et al. 2011;
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Desjonqueres et al. 2018; Raick et al. 2023). The study of
animal sounds within an ecological framework is the core
objective of ecoacoustics (Sueur and Farina 2015). It rep-
resents an innovative and effective monitoring technique
for non-invasively acquiring information on biodiversity,
behaviors, and biorhythms, irrespective of water turbid-
ity, temperature, or depth (Gibb et al. 2019; Bolgan et al.
2020; Favaro et al. 2021; Di lorio et al. 2021). Soundscapes,
encompassing all sounds emanating from an ecosystem, also
provide information on cryptic species and their activities
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24 h a day, making them suitable for assessing cryptic bio-
diversity. Recording these sounds and their variability is
therefore promising, particularly for studying less accessible
ecosystems such as mesophotic coral ecosystems (MCEs)
(Lin et al. 2019; Raick et al. 2023a, b).

Mesophotic coral ecosystems, extending roughly from
depths of 30 to 150 m (Hinderstein et al. 2010; Pyle et al.
2016; Baldwin et al. 2018), constitute approximately 80%
of tropical coral reefs (Loya et al. 2019). Despite their sig-
nificant contribution to reef ecosystems, little is known
about their ecology and functioning (Pyle et al. 2016; Raick
et al. 2023), primarily due to the challenges in accessing
and collecting scientific data at such depths. The limited
studies conducted in mesophotic reefs have documented
high spatial heterogeneity and structural complexity, pro-
viding shelter to a myriad of species (Lesser et al. 2009;
Weinstein et al. 2015; Pyle and Copus 2019). Knowledge
of mesophotic soundscapes, including the diversity of bio-
logical sounds and their variability, remains very limited. It
is largely unknown whether acoustic composition and pat-
terns are specific to MCEs, to what extent they differ from
altiphotic reefs, and whether lower light conditions influence
biorhythms. Most studies on coral reef sounds have been
conducted in the altiphotic zone (Bertucci et al. 2020; Minier
et al. 2023a, b). The major sources of biological sounds in
these altiphotic coral reefs are benthic invertebrates, fish,
and cetaceans. Fish and whales vocalize mainly in the low-
frequency band (below 2 kHz) while dolphins and most ben-
thic invertebrates can emit broadband transient sounds
(BTS), generally at higher frequencies (>2 kHz) (Mooney
et al. 2020). To provide ecologically relevant information
about specific environments, the biogenic sound compo-
sition and/or acoustic patterns of a soundscape should be
linked to habitat features.

Depth is an important driver influencing the composi-
tion of animal communities (Kahng and Kelley 2007; Mil-
ligan et al. 2016). The depth-dependent composition and
abundance of fish sounds has been documented in coral
and temperate red-algae coralligenous reefs, likely reflect-
ing the vertical stratification observed in fish assemblages
(Di Iorio et al. 2021; Raick et al. 2023). Furthermore, the
acoustic community composition of fish is strongly linked
to benthic cover composition (e.g., the percentage of living
fixed organisms) in temperate red-algae coralligenous reefs,
as well as altiphotic and mesophotic coral reefs (Bertucci
et al. 2016; Di Iorio et al. 2021; Raick et al. 2023). This
indicates that acoustic cues can be associated with habitat-
specific features. Depth-dependent distributions of benthic
assemblages have been described for various coral reefs
based on visual data (Goreau and Goreau 1973; Liddell and
Ohlhorst 1988; Kahng and Kelley 2007; Lesser et al. 2019;
Pérez-Rosales et al. 2022a). Additionally, the three-dimen-
sional structure of coral reefs and the presence of specific
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organisms such as sponges or octocorals provides shelter
to a variety of often invisible invertebrate species, known
to significantly contribute to the high biodiversity of coral
reefs (Diaz and Riitzler 2001; Chin et al. 2020). Acoustic
footprints emitted by these sheltered invertebrate species
reflect the activities of animal communities and may serve
as proxies of biodiversity and density of benthic organisms
(Kennedy et al. 2010). Most sounds produced by benthic
invertebrates are broadband transient sounds (BTS) extend-
ing over tens of kilohertz, dominating coastal soundscapes
day and night (UCDWR 1946; Everest et al. 1948). These
sounds can be emitted by numerous species from different
taxonomic groups, such as sea urchins (Radford et al. 2008;
Coquereau et al. 2016), bivalves (Di Iorio et al. 2012) or
numerous crustaceans such as hermit crabs (Freeman et al.
2014), crabs, stomatopods, palaemonid shrimps (Johnson
et al. 1947), and snapping shrimps, specifically species from
Alpheus and Synalpheus genera (Alpheidae) (Johnson 1944;
Johnson et al. 1947; Au and Banks 1998; Lillis and Mooney
2018). Despite documented decreases in snapping shrimp
sounds below a depth of 55 m, which are among the most
prevalent sounds in coral reefs (Johnson et al. 1947; Lam-
mers et al. 2008; Piercy et al. 2014), our understanding of
depth-related differences in BTS is limited. Furthermore,
there is a dearth of studies exploring the composition and
contribution of BTS to soundscapes, as well as their correla-
tion with benthic cover in mesophotic reefs.

Sounds produced by benthic invertebrates can serve as
indicators of different habitats (Radford et al. 2010, 2014).
Moreover, BTS, particularly those emitted by snapping
shrimps, respond to environmental changes such as tem-
perature or pH (Watanabe et al. 2002; Rossi et al. 2016;
Lillis and Mooney 2018) and exhibit distinct biorhythms.
In fact, in many altiphotic reefs, BTS display diel variations
(Everest et al. 1948; Lillis and Mooney 2016, 2018; Raick
et al. 2021), with peaks typically observed around sunrise
and/or sunset (Johnson et al. 1947; Lammers et al. 2008;
Raick et al. 2021). Different diel cycles can co-occur at a
specific site (Lammers et al. 2008; Lillis and Mooney 2016)
and are known to depend on the peak frequency of BTS,
potentially indicating differences in underlying communities
(Raick et al. 2021).

In this study, we investigated the relationship between
benthic invertebrate sounds, depth, and benthic cover com-
position, key ecological factors determining differences
between altiphotic and mesophotic coral reefs. Our aim was
to establish whether specific BTS are found in MCEs, and
whether they are possibly related to the community compo-
sitions of benthic invertebrates. Additionally, we explored
the diel cycles of BTS at different depths to assess whether
different light regimes affect biorhythms. Three predictions
were tested: (1) altiphotic and mesophotic reefs are char-
acterized by distinct BTS that may contribute biodiversity
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differences; (2) BTS show a strong relationship to benthic
cover composition, suggesting the presence of specific BTS
in MCEs; (3) depth affects diel patterns of BTS, suggesting
an influence on biorhythms. To test these three predictions,
we used a unique dataset collected from six islands in French
Polynesia, a group of islands that extends over 5 million km?
in the South Pacific Ocean (Rancher and Rougerie 1994;
Rougerie et al. 1997), at three different depths (20 m, 60 m,
and 120 m) coupling passive acoustic recordings with ben-
thic sessile cover inventories.

Fig.1 Map of the central part
of French Polynesia: Society
Archipelago (in white), Tua-
motu Archipelago (in yellow),
and Gambier Archipelago (in
green) with the six studied
islands highlighted

Bora Bora

Tikehau
Society Archipelago

Moorea

400 km

Materials and methods
Data collection

Data sampling was conducted between March 2018 and
April 2019 on 6 islands in French Polynesia: Bora Bora,
Moorea (both in the Society Archipelago), Teauaone Islet
near Mangareva (Gambier Archipelago), Rangiroa, Raroia,
and Tikehau (all 3 in the Tuamotu Archipelago) (Fig. 1;
Table 1). The first three islands are high volcanic islands,
while the last three are atolls. At each island, 3 different
depths were studied concurrently on the external slope, 1
in the altiphotic reef (20 m) and 2 in the mesophotic reef
(60-120 m). At Mangareva, only the 2 shallower depths
were studied due to an issue with the recorder.

Rangiroa

'Z%
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<
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%,
(o]

Mangareva
Gambier Archipelago

Table 1 Localization

. . Island Type Lat (S) Long (W) Year Month Day
(archipelago, type of island,
latitude, longitude) and period Tuamotu Archipelago
of sampling (year, month, and Rangiroa Atoll 14980°  147.613° 2018  Oct—Nov  30th-2nd
day) for each island (N=6)
Raroia Atoll 16.023° 142.463° 2018 March 2nd-5th
Tikehau Atoll 15.017° 148.287° 2018 October 15th—18th
(Raised atoll)
Society Archipelago
Bora Bora High island 17.477° 149.851° 2018 September 21st-24th
(Almost atoll)
Moorea High Island 16.437° 151.754° 2018 September 4th-7th
Gambier Archipelago
Mangareva High Island 23.001° 134.960° 2019 April 16th—19th
(Teauaone)

For all the islands, three depths were sampled: 20 m, 60 m, and 120 m except at Mangareva where only the

two shallower depths were studied
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Tripod structures, each equipped with 4 kg of ballast
and measuring 60 cm, were deployed on the sea bottom
of the barrier reef at depths of 20 m, 60 m, and 120 m on
each island. On the vertical pole of each tripod, an acoustic
recorder SNAP / HTI96 hydrophone (Loggerhead Instru-
ments, Sarasota, FL, USA) was attached. The recorder oper-
ated for 62 h (1 min on / 9 min off, flat frequency response
between 2 and 30,000 Hz, sampling frequency: 44.1 kHz,
resolution: 16-bit, gain: +2.05 dB, sensitivity: —170.5
to—169.7 dB re 1 V for a sound pressure of 1 pPa). The
recorded files were categorized into four temporal periods:
day (07 AM - 04:59 PM, n=2 per depth and island), sun-
set (05 PM - 06:59 PM, n=3), night (07 PM - 04:59 AM,
n=23), and sunrise (05 AM - 06:59 AM, n=3).

To assess benthic cover, we used photo-quadrats from
Raick et al. (2023). For each island, photo-quadrats were
realized during each deployment and employed to character-
ize the benthic sessile cover. At each depth, ten non-super-
imposed 0.75 % 0.75 m photo-quadrats were taken along four
10 m-long lines leaving a constant of 25 cm between quad-
rats following the methodology described by Pérez-Rosales
et al. (2022b). Subsequently, 90 pictures out of 120 (30
pictures out of 40 per depth) were randomly selected. The
benthic cover was categorized into 16 classes: (1) sand, (2)
dead coral, (3) rubble, (4) consolidated substrate, (5) sclerac-
tinian, (6) black coral and gorgonians, (7) Anthoathecata, (8)
other hydroids, (9) encrusting sponges, (10) non encrusting
sponges, (11) turf, (12) calcifying algae, (13) fleshy algae,
(14) macroalgae including Halimeda algae, (15) encrust-
ing algae and (16) other sessile invertebrates (Raick et al.
2023). The photo-quadrats were analyzed using Photoquad
1.4 software (University of the Aegean, Mytilene, Greece),
following the methodology developed by Pérez-Rosales
et al. (2022b). Percentages of each category per quadrat were
averaged to obtain mean values for each depth and island.

[+2]
[3,]

Fig.2 Graphical representation
of the parameters measured on
Power Spectral Densities (PSD)
graphs. Green line: median

at 20 m, blue line: median at

60 m, and black line: median at
120 m. The horizontal axis is
frequency in logarithmic scale.
PSDpgpeqi highest power spectral
density value, yFpeak corre-
sponding frequency, and A20m
difference between the peak
frequency at 20 m compared to
the corresponding frequency at
60 or 120 m
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These data were then used for the redundancy analysis (see
‘Link between BTS and benthic cover’ section).

Acoustic analysis
Spectral density

To assess patterns of mass phenomena of BTS production,
we calculated Power Spectral Densities (PSD) using custom-
made Matlab routines (version R2014b) with parameters set
to FFT =256, Kaiser window, and overlap=50% (Math-
Works, Natick, MA, USA). Median (Q, s,) spectra were gen-
erated for each depth (20 m, 60 m, and 120 m), each period
(day, night, sunrise, and sunset) and each replicate (Bora
Bora, Mangareva, Moorea, Rangiroa, Raroia, and Tikehau).
Two features were measured on each spectrum: the high-
est power spectral density value (PSDppe,y, in dB re 1 uPa’
Hz™!) and the corresponding frequency (yFpeak, in kHz,
Fig. 2), representing the frequency at which the power spec-
tral density is maximal (Jézéquel et al. 2018). To compare
PSD values corresponding to the same frequency at different
depths, the difference between the peak frequency at 20 m
was compared to the corresponding frequency at 60—120 m
and referred to as A,q,, (in dB re 1 yPa” Hz™") (Fig. 2).

Acoustic features of single BTS

In addition to the acoustic characterization of the mass phe-
nomena, acoustic features were extracted from each BTS,
selected using an automatic BTS detector (Gervaise et al.
2019) applied to the audio recordings through a custom-
made Matlab routine (version R2014b, MathWorks, Natick,
MA, USA). The signal was filtered, and its energy was cal-
culated. Subsequently, the ambient noise level (ANL) was
estimated, and based on this ANL and a target false alarm

I At 60 m, A,;,,= x dB re 1 yPaz Hz™"
A

60 m

y
y At 120 2om= X +y dB re 1 yPa2 Hz™!
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probability, a detection threshold was computed using the
energy of the signal (Gervaise et al. 2019). If the local energy
exceeded the detection threshold, a BTS was identified (Ger-
vaise et al. 2019). To avoid inclusion of sounds other than
those produced by benthic invertebrates, the recordings were
first visually and aurally inspected with RavenPro Sound
Analysis Software 1.5 (Cornell Lab of Ornithology, USA)
for frequencies between 1.5 and 22.05 kHz, with the aim of
removing recordings containing echolocation clicks of odon-
tocetes and masking anthropogenic noise. For each 1 min
file, 3 features were computed: (1) the number of detected
BTS per second (NoBTS, in BTS s~!) with a minimum sig-
nal-to-noise ratio of 10 dB, (2) their peak frequency (BTS
Fpeak, in kHz) and (3) the broadband-peak-to-peak Sound
Pressure Level (SPL,,,) (BTS SPL,,,, in dB re 1 pPa) (Raick
et al. 2021). yFpeak reflects mass-phenomena differences,
while BTS Fpeak provides an indication on the diversity of
individual BTS.

Statistical analysis
Depth variability of BTS

To evaluate the depth variability of BTS, the power spectra
of each depth (20 m, 60 m, and 120 m) were initially com-
pared visually. Five linear mixed-effect models (function
Ime, package nlme) were then employed: 1 for each acous-
tic feature derived from the power spectra (PSDg,, and
yFpeak), as well as individual BTS features (NoBTS, BTS
Fpeak, and BTS SPLpp). Depth (20 m, 60 m, and 120 m)
and temporal periods (sunset, night, sunrise, and day) were
designated as fixed factors, nested within the season (as a
random effect). For spectral features (PSDg,,, YFpeak, and
A,y), 187 datapoints were used (11 temporal replicates per
island and per depth). For the acoustic features of individual
BTS (NoBTS, BTS Fpeak and BTS SPLpp), the dataset com-
prised between 5465 and 5752 data points (1 value per file
was used, i.e., 36 for sunset and sunrise periods, 120 for the
day, and 180 for the night). The variation in data points is
due to some files lacking sufficient BTS to determine BTS
SPL,,, and BTS Fpeak. The significance level was set to
a=0.05. Subsequent between-depth comparisons were con-
ducted with Tukey tests (function glht, package multcomp,
with Bonferroni correction). Bonferroni corrections were
applied to counteract the multiple comparisons problem and
avoid Type I errors. Following this, acoustic features were
compared among islands to investigate spatial variability.
Non-parametric Kruskal-Wallis tests (with Dunn’s test as
post-hoc analysis, employing a Benjamini—Hochberg cor-
rection on P-values) were separately conducted for each
island to compare the 3 depths (20 m, 60 m, and 120 m).
In Mangareva, a Mann—Whitney-U test was used instead to
compare the two sampled depths (20 and 60 m). These tests

were chosen due to non-compliance with normality and/or
homoscedasticity of variances. All statistical analyseswere
performed using R software version 3.6.1. (R Core Team,
2019).

Link between BTS and benthic cover

A redundancy analysis (RDA) was performed to examine
the relationship between benthic sessile cover features and
acoustic characteristics (library vegan, function rda; https://
cran.r-project.org/web/packages/vegan/vegan.pdf) (Oksanen
et al. 2012). RDA, commonly applied in ecology (Kopp
et al. 2012), employs multiple linear regressions to assess
the variation between independent features (explanatory
variables) and dependent features (response variables). It
captures the primary patterns of species variation and pre-
sents correlation coefficients between each independent and
dependent feature (ter Braak 1994; Ramette 2007). It can be
considered as an extension of principal component analysis
(PCA), in which components are constrained to linear com-
binations of environmental features (Rao 1964). Acoustic
features (PSDge,. YEpeak, Ay, NoBTS, BTS Fpeak, BTS
SPL,,,) were standardized (to 0 mean and unit variance) and
used as response variables, while cover features were used
as explanatory variables. To aid in interpretating site con-
straints, Spearman correlations, with associated P-values
adjusted by Holm’s method, were calculated between site
constraints and acoustic features.

Diel variability of BTS

Spectrograms and PSD graphs between 1 and 20 kHz were
generated with custom-made Matlab routines (version
R2014b) for the temporal periods (day, night, sunrise, and
sunset). These were visually compared to evaluate the diel
variability of BTS. In addition, time series analyses (with 1
data point per 10 min) were performed on the 62 h of record-
ings for NoBTS, BTS Fpeak and BTS SPL,,, and the results
were graphically presented.

To assess the influence of the different acoustic features, a
linear mixed-effect model (function Ime, package nlme) was
performed for each studied depth (20 m, 60 m, and 120 m)
and acoustic feature (PSDFpeak, yFpeak, NoBTS, BTS Fpeak,
and BTS SPLPP). Temporal period (sunset, night, sunrise,
or day) was used as fixed-effects factor, nested within the
season (considered as as random effect). For the spectral
features (PSDgp,, YFpeak and A), we used between 55
(120 m) and 66 data points (20 and 60 m). In the case of
acoustic features of BTS (NoBTS, BTS Fpeak and BTS
SPL,,), the dataset comprised between 1341 and 2152
data points. The significance threshold was set at «=0.05.
Diagnostic plots were employed to verify model assump-
tions. Multiple comparisons (Tukey tests) between depths
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were conducted with Bonferroni corrections (function glht,
package multcomp). Additionally, acoustic features were
compared among islands to explore inter-island variability.
Mann—Whitney U tests and Kruskal-Wallis tests (followed
by Dunn’s test as post-hoc with a Benjamini—Hochberg cor-
rection on P-values) were employed to compare temporal
periods at each depth.

Results
Depth variability
General pattern

The spectrograms and PSD graphs revealed that the sound-
scape at the frequency range [1.5,22 kHz] was predomi-
nantly characterized by broadband transient sounds (BTS)
produced by benthic invertebrates (Fig. SP1). When con-
sidering all depths and all islands, the highest values of
power spectral density (PSDg,,,) were found between 3
and 10 kHz, displaying variations in both the number and
intensity of spectral peaks. As depicted in Fig. 3, at a depth
of 20 m, yF,,, predominantly ranged between 5 and 6 kHz,
aligning with the characteristic spectral increase associated
with snapping shrimp (Everest et al. 1948; Ferguson and
Cleary 2001). The variability in yF,,, was more pronounced
at 60 and 120 m depths. At 60 m, YF,., seemed to fluctuate
between 4 and 10.5 kHz, depending on the island, while
at 120 m, yF ., exhibited variations from 2.9 to 6.4 kHz
(Fig. 3). BTS beyond 2—4 kHz consistently surpassed the
average Wenz ambient noise level, i.e., the ambient noise
level in the presence of a 6-knot wind (Raick et al. 2021).
The spectral acoustic features of the mass phenomena
of BTS and those extracted from individual BTS events
identified using the automatic detector were significantly
influenced by depth (Fig. 3; Table 2). The highest power
spectral density value (PSDg,,) decreased with increas-
ing depth (71.7, 63.7 and 57.8 dB re 1 uPa? Hz! at 20,
60-120 m, respectively). The difference was statistically
significant between 20 and 60 m but not between 60 and
120 m (Table 2). The frequency corresponding to the highest
power spectral density value (YF,,) also varied with depth;
it was consistent between 20 and 60 m but approximately
2 kHz lower between 60 and 120 m. Both BTS SPL,,, and
the number of BTS decreased with increasing depth, while
the opposite trend was observed for BTS Fpeak (Table 2)
(Fig. 4). yFpeak and BTS Fpeak were equivalent at 20 m
(5.50 kHz vs. 5.37 kHz) and at 60 m (5.88 kHz vs. 5.98 kHz)
but showed a substantial difference at 120 m (3.89 kHz vs.
8.22 kHz). This discrepancy between yFpeak and BTS Fpeak
is likely attributed to the low number of detections at 120 m.

@ Springer

Differences amongislands The depth effect on acoustic fea-
tures was not consistent across all islands. Moorea and Bora
Bora exhibited highly contrasting patterns. In Moorea, simi-
lar values for PSDFpeak, A20, and BTS SPLpp were observed
between 60 and 20 m, whereas in Bora Bora, the similarity
was between 60 and 120 m (Fig. 3., Table SP1). These dif-
ferences may be attributed to three factors: slope, tempera-
ture (Fig. SP2), and/or substrate composition.

The pattern of a decreasing number of BTS with increas-
ing depth was not consistently observed across all islands
(Table 1). In Bora Bora and Raroia, the number of BTS was
1.3-1.5 times higher at 60 m than at 20 m depth. At 120 m,
a high number of BTS was observed for Raroia and Tikehau,
while a lower number of BTS was recorded for Bora Bora,
Moorea, and Rangiroa.

Link between BTS and benthic cover

The redundancy analysis (RDA) indicated that acoustic
features were primarily influenced by depth. Inspection
of the RDA plot enables the association of benthic cover
features, sites, and acoustic features (Fig. 5, Table SP3).
Positive RDA1 values were predominantly explained by
non-encrusting sponges, sand, hydroids, other sessile
invertebrates, “black coral and gorgonians” (RDA1 scores:
0.70, 0.67, 0.67, 0.62, and 0.58, respectively). BTS peak
frequency appears to be associated with these features as
well as with greater depths (Fig. 5). In contrast, negative
RDAT1 values were primarily explained by macroalgae,
scleractinians, and dead coral (—0.64,— 0.55, and—0.50,
respectively). PSDg,, A20, and BTS SPL,, features were
grouped together and significantly negatively correlated with
RDA 1 (p=—-0.95,— 0.92 and —0.96, all P <0.0001). In
addition, the number of BTS tended to be associated with
shallow reefs (Fig. 5) (Table 3). This reflects the lower ben-
thic acoustic activity observed in deep mesophotic reefs.
RDAZ2 to RDAG6 did not correlate with any acoustic features.

Diel variability
General pattern

Though diel cycles were evident (Fig. SP1), variation in diel
patterns was observed for most acoustic features (Fig SP1).
PSDppe Was generally higher at night than during the day,
except at a depth of 120 m, where the patterns varied among
islands (Table 4, Fig. 6A, SP2, SP3 and SP4). Altiphotic
reefs exhibited the highest PSD values, followed by meso-
photic reefs at depths of 60— 120 m. BTS Fpeak displayed
consistent diel patterns at 20-60 m depth, but with higher
variability at 120 m depth (Fig. 6) At 20 m, BTS Fpeak dif-
fered at sunset compared to daytime and night. However, no
significant differences were found between night and day
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Fig. 3 Median Power Spectral
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(Table 4). In contrast, in mesophotic reefs (60—120 m) diur-
nal and nocturnal BTS Fpeak differed significantly (Table 4),
indicating potential activity switches in the communities of
the emitting species. Finally, the number of BTS and the
BTS SPL,, presented diel variations at all depths, but dis-
tinct patterns were observed. Particularly at 120 m depth,
diel variability was highly variable among islands (Table 4;
Fig. 6). At 120 m depth, the number of BTS did not show a
general diel pattern, as indicated by the highly variable time
series, suggesting no generalizable diel rhythms in the activ-
ity of benthic invertebrates. (Fig. 6C, Table SP8).

There was an increase in the number of BTS around 7 PM
that lasted for two hours at the three islands of Bora Bora

Frequency (kHz)

(6:50-7 to 8:30-8:50 PM), Moorea (6:30 to 7:40-7:50 PM),
and Tikehau (6:30-6:40 to 8:00-9 PM). Indeed, the num-
ber of BTS was 37.7% to 97.7% higher during this period
compared to the 2 h before and after (Table SP15). The peak
frequency of the BTS during this 2 h increase was around
5.4 kHz, significantly different from the peak frequency of
the BTS the 2 h before and after (Table SP15). This sug-
gests an activity onset of a specific species peaking between
7 and 9 PM. When examining the variation in PSD graphs
at a depth of 120 m in detail, peaks of 10-20 min in dura-
tion are observed. For example, at Bora Bora, an increase
of 5 dB re 1 uPa> Hz ™! between 7.3 and 8 kHz is observed at
6:40 PM - 6:50 PM (Fig. 7), while a less intense but longer
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Table 2 Linear mixed-effect model results with multiple comparisons
(Tukey tests) to access depth variability

Z value P
PSDypeq (F=212.16, P<.0001) 20vs.60 —4.64 <.0001
N=187 20vs. 120  —6.06 <.0001
60vs. 120 —1.64 030
yFpeak (F=48.21, P<.0001) 20vs.60  —0.18 =~ 1.00
N=187 20vs. 120 —4.30 <.0001
60vs. 120 —4.13  0.00011
Ay (F=306.15, P<.0001) 20vs.60 —5.62 <.0001
N=187 20vs. 120 —8.90 <.0001
60vs. 120 —3.55  0.0012
BTS SPL,, (F=9342.4, P<.0001) 20vs.60 —38.73 <.0001
N=5732 20vs. 120 —64.71 <.0001
60vs. 120 —27.39 <.0001
NoBTS (F=1445.14, P <.0001) 20vs.60 —6.72 <.0001
N=5752 20vs. 120 —37.38 <.0001
60vs. 120 —30.23 <.0001
BTS Fpeak (F=640.171, P<.0001) 20 vs. 60 6.66 <.0001
N=5465 20vs. 120 2341 <.0001
60vs. 120 17.02  <.0001

P-values are adjusted with Bonferroni corrections. PSDgpe,, =high-
est power spectral density value, yFpeak=corresponding fre-
quency, A20m=difference between the peak frequency at 20 m
compared to the corresponding frequency at 60 or 120 m, BTS
SPL,,, = peak-to-peak sound pressure level of the broadband transient
sounds, NoBTS =number of broadband transient sounds, and BTS
Fpeak =peak frequency of the broadband transient sounds. a=0.05.
N =187 for the three first features and 5465 to 5752 for the three last
ones

increase was observed from 7:10 PM to 7:50 PM between
4.6 and 5 kHz (Fig. 7). These observations likely represent
activities of species specific to the deep part of mesophotic
reefs (120 m).

A B
=801 40
N
T =
% A
%_70 s 'o_')
i~ a
. = 220/
i
=z
§ 10
50
- v v 0 1 -
20 60 120 20
Depth (m)

Fig.4 Depth variation of acoustic features: A PSDg,,, highest
power spectral density value. B NoBTS number of broadband tran-
sient sounds, and C BTS SPL,,, peak-to-peak sound pressure level of
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Depth (m)

Differences among islands

Overall, PSDg,,, diel patterns at 20-60 m depth were simi-
lar across islands. At 120 m, some islands (e.g., Rangiroa
and Raroia) exhibited PSDg,,, patterns resembling those at
20 m while others (e.g., Moorea) displayed opposite patterns
(not statistically supported) (Fig. 6A, Fig. SP3, Table SP4).
YF peax remained constant throughout the day at all depths on
some islands, whereas diel cycles were observed in certain
mesophotic reefs, with a higher yF., during the night or
day, suggesting that acoustic mass phenomena vary, or not,
depending on the site/island (Fig. SP4 and SP5). The diel
variation of the number of BTS at 20-60 m was relatively
consistent across islands, with generally higher values dur-
ing the day than at night, (but see Bora Bora and Raroia,
Fig. 6C, Table SP6 and SP7).

Discussion
Depth variability

The underwater acoustic survey conducted at three different
depths across six islands in French Polynesia revealed sig-
nificant differences in the sounds emitted by benthic inverte-
brates. Despite the brief sampling period, it was evident that
depth was the primary factor influencing benthic transient
sounds, as indicated by depth-related differences in almost
all acoustic parameters.

The acoustic features of benthic invertebrate sounds
were found to be correlated with the sessile benthic cover
structure. At a depth of 120 m, marked differences in
peak frequencies were observed compared to the BTS
recorded at 60—20 m depth, likely reflecting distinct ben-
thic communities. Thus, the sounds emitted by benthic

(9]

(=2
]
-

(dB.re 1 pPa)
wn
=)

>
@

120

BTS SPL
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60 120 20 60
Depth (m)
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the broadband transient sounds. In green: 20 m, in blue: 60 m and in
black: 120 m. Whiskers represent 1.5 inter-quartile range. Data fall-
ing outside the Q1-Q3 range are plotted as outliers of the data



Oecologia (2024) 205:307-322

315

encrusting alg;
scleracfinian:
.................................................. b AL

RDA 2 (18.37%)

Doome——
BTSSP,
o
PSDFpeak n
—2 -
-2 -1

Fig.5 Redundancy analysis (RDA) plot examining the link between
benthic cover features and acoustic features. Ellipses are 95% confi-
dence interval. Red arrows indicate acoustic features while brown
arrows indicate benthic cover features. In green: 20 m, in blue: 60 m,
and in black: 120 m. PSDg, highest power spectral density value,
yFpeak corresponding frequency, A20m difference between the

invertebrates varied along the depth gradient, ranging from
altiphotic reefs to the upper part of mesophotic reefs, and
notably in the lower part of mesophotic reefs. These depth-
related differences may be associated with a decrease in
temperature (Watanabe et al. 2002), an increase in the
distance from shore (Di Iorio et al. 2021), or the transi-
tion from a light-dependent scleractinian-dominated reef
with macroalgae to a sandy reef with a higher number of
sponges, black corals, and gorgonians (Butler et al. 2017).
However, not all measured acoustic features showed lin-
ear trends. For sound-pressure level and power spectral
density (SPL,,, and PSDg,,), the greater the depth, the
lower the sound-pressure levels, with an average decrease
of 6-8 dB re 1 uPa’Hz ! at 60 m compared to 20 m, and at
120 m compared to 60 m. In contrast, regarding the num-
ber of BTS, the number of nocturnal BTSs was generally
higher at 60 m than at 20 m. This might seem counter-
intuitive, as a higher number of sounds would typically
be associated with higher sound-pressure levels. “Inten-
sity features” (i.e., PSD and BTS SPLpp) and NoBTS may
thus provide different information related to biodiversity
or invertebrate communities. Higher coral diversity at the
level of genus in French Polynesia has been reported at
60 m compared to 20 m depth (Pérez-Rosales et al. 2022a),
which could consequently explain a higher diversity of
sessile benthic invertebrate fauna and the increased BTS
observed at 60 m depth. There are also alternative explana-
tions. On one hand, the upper part of the mesophotic reefs
(60 m) could shelter more sound-emitting specimens or
species producing more sounds than in altiphotic reefs.
On the other hand, altiphotic reefs seem to shelter species

o
RDA 1 (67.07%)

60 m

120 m

. /BTS Fpeak

———

peak frequency at 20 m compared to the corresponding frequency
at 60 or 120 m, BTS SPL,,, peak-to-peak sound pressure level of the
broadband transient sounds, NoBTS number of broadband transient
sounds, and BTS Fpeak peak frequency of the broadband transient
sounds

producing louder sounds than in the upper part of the mes-
ophotic reefs, as indicated by the highest levels of SPL,,
and PSDg,, Altiphotic reefs are dominated by snap-
ping shrimp sounds, which are among the loudest marine
sounds emitted by benthic invertebrates (Au and Banks
1998). Therefore, even in smaller numbers, they could be
responsible for the observed increase in sound levels at
20 m depth. Alternatively, snapping shrimp sounds cre-
ate mass phenomena that elevate ambient noise levels,
potentially reducing the signal-to-noise ratio and thus
negatively biasing the outcomes of the automatic detector
in the altiphotic zone.

Unlike the reefs at 20-60 m, the deeper part of the meso-
photic reef (120 m) exhibited considerably lower acoustic
activity. This finding aligns with Everest et al. (1948), who
reported that beyond a depth of 55 m, and regardless of envi-
ronmental suitability (Johnson et al. 1947), the noise levels
of snapping shrimp sounds decrease. Below 61-91 m, the
presence of snapping shrimp noise is unlikely, unless trans-
mitted from nearby shallower areas (UCDWR 1946). The
absence of snapping shrimp sounds may therefore account
for the absence of the continuous crackle typically found in
shallow habitats (Johnson et al. 1947). The lower concentra-
tion of deep living species (UCDWR 1946; Johnson et al.
1947; Hurley et al. 2016; Anker 2020) also likely contributes
to the reduction of BTS recorded at 120 m depth. It has been
hypothesized that the increased number of invertivores in
the mesophotic reefs may explain the decrease in crusta-
cean sound intensity with depth observed in Japanese reefs
(Lin et al. 2021). The reduction of canopy-forming algae has
also been suggested as a potential cause for the decrease in
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Table 4 Linear mixed-effect model (per depth) results with multiple comparisons (Tukey tests) to access diel variability

Feature Comparison 20 m 60 m 120 m
Z value P Z value P Z value P
PSDgppeax F=18.58, P <.0001, F=19.84, P <.0001, F=1.63, P=0.19,
N=66 N=66 N=55
Night—day 7.00 <.0001 7.05 <.0001
SR —day 3.36 0.0047 2.86 0.026
SS —day 5.64 <.0001 5.65 <.0001
SR — night —-4.07 0.00028 —4.69 <.0001
SS — night —-1.52 0.78 -1.56 0.71
SS—-SR 2.55 0.064  3.13 0.011
yFpeak F=2.82, P=0.0465, F=1.96, P=0.13, F=1.87, P=0.15,
N=66 N=66 N=55
Night — day -1.97 0.29
SR —day —-0.030 ~ 1.00
SS — day -1.92 0.33
SR —night 2.17 0.18
SS — night 0.049 ~ 1.00
SS—SR -2.12 0.20
Ay F=0.12, P=0.95, F=1.26, P=0.30,
N=66 N=55
BTS SPL,, F=608.98, P <.0001, F=987.58, P <.0001 F=106.73, P <.0001,
N=2152 N=2028 N=1552
Night—day  42.34 <.0001 53.60 <.0001 17.20 <.0001
SR —day 13.39 <.0001 16.67 <.0001 3.80 0.00086
SS — day 20.62 <.0001 28.13 <.0001 9.87 <.0001
SR — night —14.08 <.0001 -19.44 <.0001 -7.57 <.0001
SS —night —-6.55 <.0001 -7.22 <.0001 -124 ~ 1.00
SS—-SR 5.86 <.0001 9.50 <.0001 4.94 <.0001
NoBTS F=52.37, P <.0001, F=69.20, P <.0001 F=7.41, P=0.0001,
N=2152 N=2028 N=1552
Night — day 12.46 <.0001 -—14.24 <.0001 431 <.0001
SR —day -3.717 0.00099 —4.02 0.00035 3.06 0.013
SS — day -5.35 <.0001 -5.30 <.0001 3.00 0.016
SR — night 4.32 <.0001 5.60 <.0001 0.33 ~ 1.00
SS — night 2.68 0.044 423 0.00014 0.23 ~ 1.00
SS—-SR -1.28 ~ 1.00 —-1.06 ~ 1.00 -0.082 ~ 1.00
BTS Fpeak F=452,P=0.0036, F=23.26, P <.0001 F=6.89, P=0.0001,
N=2130 N=199%4 N=1341
Night — day -1.25 ~ 1.00 —8.28 <.0001 —-4.44 <.0001
SR —day —14.47 0.85 -3.18 0.0087 —-0.92 ~ 1.00
SS — day -3.61 0.0018 —4.38 <.0001 -2.04 0.25
SR —night -0.72 ~ 1.00 2.35 0.11 1.97 0.29
SS — night —-2.98 0.018 1.02 ~ 1.00 0.80 ~ 1.00
SS—-SR -1.75 0.48 1.02 ~ 1.00 -0.91 ~ 1.00

P-values are adjusted with Bonferroni corrections. PSDgpe, =highest power spectral density value, yFpeak=corresponding frequency,
A20m = difference between the peak frequency at 20 m compared to the corresponding frequency at 60 or 120 m, BTS SPL,,=peak-to-peak
sound pressure level of the broadband transient sounds, NoBTS =number of broadband transient sounds, and BTS Fpeak =peak frequency of
the broadband transient sounds. a=0.05, SR =sunrise, SS =sunset

snapping shrimp sound production, favouring opportunistic Acoustic variables also differed among islands. For
turf-forming algae (Connell et al. 2013; Rossi et al. 2016; instance, in Moorea, the most significant decrease in
Nagelkerken et al. 2016). PSDgpeqx 0ccured between 60 and 120 m. At a depth of
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Fig.6 Diel pattern of the BTS. A The highest power spectral density
value (PSDFpeak), B peak-to-peak sound pressure level of the broad-
band transient sounds (BTS SPLpp), and C number of broadband
transient sounds (NoBTS). Depths are indicated as following: green

120 m, Moorea diverged from other islands due to higher
percentages of black coral (1.3% vs. 0 to 0.09%), hydroids
(2.8% vs. 0 to 0.6%) and sessile invertebrates (2.9% vs. 0
to 0.18%), as well as a lower temperature. Temperature
has been reported as positively correlated with the number
of snap sounds (Watanabe et al. 2002; Lillis and Mooney
2018). Previous studies have demonstrated that differences
in bottom types can influence sounds. At equivalent depths,
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less intense sounds have been observed from non-favoura-
ble bottom types compared to favorable ones for snapping-
shrimps (e.g., coral, rock, stone, and shell) (UCDWR 1946).
Additionally, at Rangiroa; PSDg,, values at 20 m were sig-
nificantly higher than in the other islands. This might be
explained by the unique geomorphological features of the
site (Everest et al. 1948). However, further investigation is
necessary for a comprehensive understanding.
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Fig.7 Examples of the detailed variation of Power Spectral density
(PSD) between 6:20 PM and 8:30 PM for two islands (Bora Bora and
Raroia). Graphs are median PSD between 2 and 12 kHz. A Bora Bora

The differences observed in spectral frequencies (yFpeak)
suggest the presence of distinct mass phenomena. However,
a consistent trend specific to depth was not identified. These
variations may be associated with differences in associated
crustaceans communities, given that peak frequencies vary
depending on the emitting species (Hazlett and Winn 1962a;
Knowlton and Moulton 1963; Readhead 1997; Au and Banks
1998). They could also result from differences in the abun-
dances of species present with sounds of varying peak fre-
quencies. Alternatively, single BTS can have multiple fre-
quency peaks (Everest et al. 1948; Coquereau et al. 2016)
leading to distinct spectral increases. The broadband nature
of snapping shrimp sounds complicates the association
between specific species and the identification of recorded
peak frequencies.

In reefs, high-frequency sounds other than those of
snapping shrimp, which predominantly fall within the

(<2 (=2}
H 22

(=2
N

D_ Frequency (kHz)

Frequency (kHz)

20 m, B Bora Bora 120 m, C Raroia 20 m, D Raroia 120 m. Red:
6:30 PM, yellow: 6:40 PM, magenta: 6:50 PM, blue: 7 PM, green:
7:10 to 7:40 PM, black: 7:50 to 8:30 PM

2-20 kHz range (UCDWR 1946), can also be recorded.
For instance, interactions between hard-shelled benthic
macro-organisms and the coral substrate contribute to a
peak between 11 and 17 kHz, centred at 14.3 and 14.6 kHz
(Freeman et al. 2014). Higher frequencies can be emitted
by certain species of Palinuridae (Buscaino et al. 2011).
Conversely, lower frequencies are known to be produced
by some species of Palinuridae (Moulton 1957; Hazlett
and Winn 1962b; Mulligan and Fischer 1977; Patek et al.
2009) and Penaeidae (Berk 1997; Silva et al. 2019; Wei
et al. 2020). In temperate areas, bivalves are known to pro-
duce high frequency sounds (Di lorio et al. 2012), while
sea urchins are known to emit lower-frequency sounds
(between 0.7 and 2.8 kHz) with relatively lower peak fre-
quencies during feeding (Radford et al. 2008). However, in
Polynesian reefs, this frequency range does not correspond
to a spectral increase (Raick et al. 2021).
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Diel variability

Overall, benthic activity rhythms at 120 m exhibited low or
highly variable levels of diel variation, likely due to reduced
solar irradiation. Between-island variability was most pro-
nounced at 120 m. Notably, distinctive rhythmic patterns
were observed in terms of number of BTS. One particu-
lar observation in the soundscapes at 120 m in Bora Bora,
Moorea, and Tikehau was a daily peak in the number of BTS
around 5.4 kHz, consistently occurring at 7 PM. Since the
sounds forming the peak shared the same peak frequency,
it is likely that these peaks represent cyclic activity of a
specific species. To our knowledge, this sound has not been
previously described, and its peak frequency does not match
descriptions of animals in mesophotic reefs. Moreover, its
presence on different islands from different archipelagos
and during various nights indicates it is not anecdotical but
reflects a cyclic biological activity of a particular species or
deep-adapted ecological groups. At 20-60 m depths, benthic
activity rhythms were more similar compared to those at
120 m depth. They also exhibited pronounced diel varia-
tions with higher PSD and BTS SPL,,, during the night. This
aligns with studies in the Caribbeans (Lillis and Mooney
2016) and Polynesia (Raick et al. 2021). The number of BTS
showed opposite trends, with higher values during the day.
In Moorea, recordings made at 12 m revealed that the num-
ber of BTS could vary differently between day and night
depending on the frequency band (Raick et al. 2021). During
the night, the number of BTS in the 3.5 — 5.5 kHz band was
8% higher, while in higher frequency bands (6 — 8 kHz and
10 — 13 kHz), it was 14% to 5% lower compared to the day
(Raick et al. 2021).

Conclusion

This study identifies for the first time acoustic patterns from
altiphotic to mesophotic coral reefs associated with the
activity of benthic invertebrates. The observed differences
can reflect community composition or different behaviors.
The findings emphasize the marked differences in the deeper
part of the mesophotic reefs compared to the upper part at
60 m depth and the altiphotic zone, likely indicative of vari-
ations in biodiversity or community composition linked to
benthic sessile cover features such as hydroids, sponges,
black corals and gorgonians. These features can create ani-
mal forests, three-dimensional structures hosting a variety
of small cryptic organisms (Rossi et al. 2017; Poupin et al.
2022). Furthermore, the limited occurrence of diel patterns
at 120 m suggests that reduced light regimes influence bio-
rhythms. Studies linking habitat variables to acoustics are
still scarce but necessary to understand habitat-specific pat-
terns and the drivers of acoustic variations (Di Iorio et al.
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2021; Raick et al. 2023). The results presented here sup-
port the use of passive acoustics for the study and moni-
toring of mesophotic reefs. In these challenging-to-access
environments, where species are often cryptic, ecoacoustic
approaches offer unprecedented opportunities for assessing
the spatio-temporal dynamics of mesophotic reefs.
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