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Abstract

In the ocean, major biophonic sources include benthic invertebrates, fish, and marine mammals. This acoustic
activity can be studied at two levels: at the level of individually identifiable sounds from generally nearby sources
of the biophony and at the level of ‘mass-phenomena’, i.e., continuous noises resulting from the calls of many
individuals vocalizing simultaneously. We chose to focus this thesis on French Polynesia for three reasons: the
high concentration of coral reefs in the South Pacific, their relatively good preservation, and the scientific
knowledge accumulated in Moorea Island. The main objective of this research thesis is to determine how the
diversity of the biophony of photic and mesophotic French Polynesian coral reefs varies. We studied the
spatiotemporal variation of both the ‘mass-phenomena’ and individually identifiable sounds of the biophony and
we investigated how long-term modifications affect it. The biophony of French Polynesian coral reefs consist
primarily of fish sounds and broadband transient sounds emitted by benthic invertebrates. From the reef to the
open ocean, this biophony can propagate up to 90 km, although maximal detection distances vary depending on
the physical characteristics of the water column and bottom nature, the species and life stage, ranging from less
than 0.5 km to 22 km. However, these distances can be reduced due to meteorological conditions and
anthropogenic noise. Across the vertical gradient, benthic invertebrate and fish sounds display a stratification
primarily determined by depth. We have observed similarities between the sonic morphology of fish species in
French Polynesia and well-known temperate sonic species within the same families. Moreover, similarities
between sounds from these temperate species and unidentified sounds previously recorded in Polynesian
mesophotic coral ecosystems (MCEs) were highlighted. Various methods have been used to study this vocal
diversity, among which we have shown that a-acoustic diversity indices are not suitable for inferring marine fish
sound diversity. Temporal variations were studied at various time scales. In photic reefs and upper MCEs, sounds
produced by benthic invertebrate were louder at night. However, in lower MCEs, the activity rhythms of benthic
invertebrates exhibited low or highly variable levels of diel variation. Nonetheless, a distinct peak in the number
of BTS was observed between 7 and 9 PM at a depth of 120 m, potentially indicating the presence of cyclic
activities of a particular species and supporting the existence of different invertebrate communities in deep
mesophotic reefs. Concerning fish sounds, depth has been shown to have an influence on diel cycle and the width
of realized acoustic niches. At a longer timescale, changes in the French Polynesian biophony have been observed

in response to long-term environmental shifts, such coral degradation following coral bleaching events.
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French translation of the abstract

Dans I'océan, les principales sources biophoniques comprennent les invertébrés benthiques, les poissons et les
mammiféres marins. Cette activité acoustique peut étre étudiée a deux égards : au niveau des sons individuellement
identifiables provenant généralement de sources biophoniques proches et au niveau des « phénomenes de masse »,
c'est-a-dire, les bruits continus résultant des vocalisations de nombreux individus qui vocalisent simultanément.
Nous avons choisi de centrer cette thése sur la Polynésie francaise pour trois raisons : la grande concentration de
récifs coralliens dans le Pacifique sud, leur relativement bonne préservation, et les connaissances scientifiques
accumulées sur I'lle de Moorea. L'objectif principal de cette thése est de déterminer comment la diversité de la
biophonie des récifs coralliens polynésiens, tant photiques que mésophotiques, varie. Nous avons étudié la
variation spatiotemporelle a la fois des « phénoménes de masse » et des sources biophoniques proches, et nous
avons examiné l'impact des modifications humaines sur cette biophonie. La biophonie des récifs coralliens
polynésiens se compose principalement de sons de poissons et de sons large bande émis par les invertébrés
benthiques. Du récif vers le large, cette biophonie peut se propager jusqu'a 90 km, bien que les distances maximales
de détection varient en fonction de caractéristiques physiques de la colonne d’eau et du fond, des espéces et de
leurs stades de vie, allant de moins de 0,5 km & 22 km. Cependant, ces distances peuvent étre réduites en raison
des conditions météorologiques et du bruit anthropique. D’un point de vue du gradient vertical, les sons des
invertébrés benthiques et des poissons présentent une stratification principalement déterminée par la profondeur.
Nous avons observé des similitudes entre la morphologie sonique des espéces de poissons en Polynésie francaise
et des especes tempérées de ces mémes familles et connues comme étant capables d’émettre des sons. De plus, les
sons de ces espéces tempérées ressemblent a des sons non identifiés enregistrés précédemment dans les
écosystemes coralliens mésophotiques (MCE) polynésiens. Diverses méthodes ont été utilisées pour étudier cette
diversité vocale, parmi lesquelles nous avons montré que les indices de diversité acoustique o ne sont pas adaptés
pour étudier la diversité des sons des poissons marins. Les variations temporelles ont été étudiées a différentes
échelles de temps. Dans les récifs photiques et les MCE supérieurs, les sons produits par les invertébrés benthiques
étaient plus forts la nuit. Cependant, dans les MCE inférieurs, I’activité des invertébrés benthiques présentait des
niveaux de variation journaliere faibles ou tres variables. Néanmoins, une augmentation du nombre de sons entre
19 h et 21 h a une profondeur de 120 m a été observée, indiquant potentiellement la présence d'activités cycliques
d'une espéce particuliére et soutenant l'existence de communautés d'invertébrés différentes dans les récifs
mésophotiques profonds. En ce qui concerne les sons de poissons, la profondeur influencait le cycle jour/nuit et la
largeur des niches acoustiques réalisées. A une échelle temporelle plus longue, des changements dans la biophonie
polynésienne ont été observés en réponse & des changements environnementaux, tels que la dégradation des coraux

suite a des épisodes de blanchissement corallien.
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Preface

Two worlds collide as the boat approaches the pass between the lagoon and the ocean:
turquoise meets navy blue. The sound of waves accompanies the heaving motion of the boat,
replacing its previous pitching and rolling movement. While brown noddies and frigatebirds
watch us perched on buoys and spars, our eyes scan the sky looking for brown boobies and
tropicbirds. We arrive at our study site; it is time to prepare. | make sure my diving cylinder is
open, put on my BCD, check my regulators, don my mask and fins, and ensure | have all the

acoustic equipment with me.

As soon as | enter the water, a new world unfolds before me. From the very beginning, a
gentle crackling fills my ears, adding to the sound of the water lapping at the surface and the
bubbles from my exhalations. As for the visuals, the sun playing on the water’s surface creates
a mesmerizing gradient of blue and transparency. Gazing upward reveals a liquid mirror
adorned with dancing streams of bubbles. | descend towards the bottom and see shoals of blue
triggerfish and black triggerfish swinging their caudal and anal fins in the current, feeding on
zooplankton. I shift my focus to observe the play of light on colonial radiolarians drifting in the
mass of water. | adjust my eyes to try to spot a blacktip shark, or with a bit of luck, a lemon

shark, as long as my horizon is still wide enough.

The seafloor looks like gentle little valleys separated by small hills, all adorned with coral.
Solitary Fungia corals rest on a carpet of Pocillopora colonies. As | descend, the pressure
increased and the volume of my BCD decreases. Nevertheless, | continue to descend while
carefully injecting air into my BCD to arrive gently near the bottom. Numerous damselfish
colonies weave between the branches of coral, entering and emerging as if reflecting a slow
breathing of the reef. As | approach the seafloor, | carefully navigate around a colony of fire
coral that | spotted on my descent. My eyes behold a kaleidoscope of life in all its abundance:
goatfish, Moorish idols, pufferfish, Picasso triggerfish, orange-lined triggerfish, bannerfish,
longnose butterflyfish, parrotfish, schools of red and bluestripe snappers, six-banded wrasses,
and other wrasses. Perched atop a coral, a lizard fish gracefully glides away, its path crossing

with two butterfly fish and an angel fish.

As | approach a coral to observe a hawfish hidden within, I hear the displeasure of a
yellowtail dascyllus. This fast staccato makes me smile. I am here partly for it. Upon reaching
the desired depth, I search for an optimal location to deploy the acoustic recorder | brought with

me.
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Today, | will not have time to visit the overhang and see if a hawksbill sea turtle or a nurse
shark is resting there among cardinalfish, squirrelfish and soldierfish; or to observe the
clownfish in their anemones. It is time to go back up. I ascend slowly, having spent only five

minutes underwater, a time that will be well worth the extensive analysis to come.
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Remark on the digital art used in the thesis
The cover figure of each chapter is generated by an artificial intelligence. This digital art
was created with DALL-E (Open Al; San Francisco, USA).

Remark on the spelling of Polynesian terms

Several Polynesian languages exist in French Polynesia. Among them, Tahitian is the most
common one. There are several Tahitian spellings in Latin script. The two common ones are
the spelling from the Tahitian Academy and the Raapoto spelling. When the spelling of a
Polynesian term differed between these two spellings, the French name has been used. For

example, Moorea Island can also be spelled Mo‘ore‘a or Moorea.
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Foreword

Tropical coral reefs can be categorized into two distinct ecosystems: the shallow-water coral
reefs, often referred to as photic reefs, and the deeper mesophotic coral ecosystems. Photic reefs
are renowned for their rich acoustic environment, hosting a diverse array of benthic invertebrate
sounds and various fish vocalizations. These sounds exhibit diel variations, as well as habitat-
dependent differences. Although our understanding of the photic biophony has made significant
progress, with the exception of aspects such as sound propagation, there remains a considerable
knowledge gap when it comes to the mesophotic realm of these reefs. In Polynesia, indications
suggest the presence of vocal species in mesophotic reefs, but our understanding of the
biophony in this environment, including depth-related and diel cycle variations and species
identification, remains virtually non-existent. This lack of information is primarily due to the

inherent challenges of accessing this ecosystem.

In addition to natural sounds, anthropogenic noise is widespread in reef environments. A
comprehensive understanding of the quantification of boat noise and its potential impact on the
biophony is still lacking. Moreover, the effects of conservation measures on the biophony are
only beginning to be explored. The long-term consequences of these measures on the resilience

of coral reefs, particularly in the face of threats like coral bleaching, remain uncharted territory.

The primary objective of this thesis is to investigate the variability of the biophony in both
photic and mesophotic coral reefs in French Polynesia, as well as the threats faced by the
biophony. This thesis comprises three fundamental components: (1) an examination of
spatiotemporal variations in the global biophony, (2) a detailed description and identification
of spatiotemporal variations in discernible nearby sources of the biophony, and (3) an
assessment of how human alterations, both positive and negative, impact this biophony.
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PART I: INTRODUCTION,METHODS
& MATERIALS
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Chapter 1. General introduction

Parts of this chapter are adapted from Raick 2023 A [’écoute des profondeurs des récifs coralliens de
Polynésie : le décryptage du whoot. Bulletin de la Société Royale des Sciences de Liége, 92 (1), p. 171-187

Sections of this chapter and portions of the last chapter are currently being prepared for a review.

Other sections have been used for two educational videos on the MANEA platform: Introduction aux
paysages acoustiques marins — Partie 1 : La géophonie et ’anthropophonie and Introduction aux paysages
acoustiques marins — Partie 2 : La biophonie.
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KEY INFORMATION

‘The Silent World®

v Each place on Earth possesses a unique soundscape consisting of geophony (non-biological sounds), anthropophony (sounds
produced by humans), and biophony (sounds produced by non-human animals).

v" Marine mammals, benthic invertebrates, and fish are major sources of biological sounds in the ocean.

v’ Efficient sound propagation underwater and affordable recording systems enable the monitoring of marine soundscapes and

species.

‘Dive to the depth’

v' Corals form reefs by accumulating skeletons, providing a three-dimensional habitat. MCEs are found at depths ranging from
30/40 m to over 150 m. Limited accessibility has resulted in a lack of knowledge about MCEs.

v" The South Pacific region has the highest concentration of coral reefs globally. The Windward islands of French Polynesia
are projected to be climate refugia with less severe coral bleaching.

v" Coral reefs are known for their rich vocalization abilities of many species. PAM has been used to study fish sounds and
assess habitats in Polynesian reefs. PAM shows potential for studying MCEs.

“Silent Spring’

v' Bleaching, primarily caused by elevated sea temperatures and high solar irradiance, results in the expulsion of
endosymbiotic algae from corals and affects reef ecosystems.

v Anthropogenic noise impacts marine animals, leading to avoidance behavior, hearing loss, stress, disruptions, altered
behaviors, and even stranding events.

v' Well-designed and managed MPAs can be effective in increasing fish biomass, protecting live coral cover, and preserving
exploited predatory species.

Objectives

|¢

v The objective of the thesis is to determine how the diversity of the biophony of photic and mesophotic French Polynesian
coral reefs varies.

v The thesis is divided into an introduction, three core parts and a discussion.

v The three core parts focus on the ‘mass-phenomena’ biophony, the individually identifiable sources of the biophony, and the
human modifications of this biophony.



1. ‘The Silent World’: an introduction to marine soundscapes

1.1. Soundscapes and their components

Over 40 years ago, in the heart of the Amazon Basin, scientists conducted sound recordings
in a specific location for several weeks. Although, a seemingly stable acoustic environment was
observed, the slightest displacement conducted to a noticeable change in the measured bio-
spectrum [1]. This observation exemplified the definition of ‘soundscape’ introduced by
Schafer some years before [2]. Soundscapes can be categorized into three components:
geophony (non-biological sounds), anthropophony (sounds produced by humans) and
biophony (sounds produced by non-human animals) (Figure 1) [1]. These diverse sounds

convey valuable information and play a crucial role in the survival of animals [3].

AT
.......

Anthropophony Biophony

Figure 1 Division of a soundscape into three components: the geophony, the anthropophony, and the
biophony.

1.2. Sources of noise in the ocean

In the open ocean, in the absence of local sources (such as the biophony, nearby ships, and
local noises), the spectrum of underwater ambient noise can be divided into three frequency
bands: low (10 — 500 Hz), medium (500 Hz — 25 kHz), and high (> 25 kHz) [4]. The low-
frequency band is predominantly dominated by anthropophony [5]. Sounds in this range
experience minimal attenuation, allowing for long-range propagation [4]. The medium-
frequency band is primarily attributed to hydrodynamic sources at local or regional scales. This
is because higher frequencies in this range cannot propagate over long distances across the sea
surface [4-8] (Figure SP1 - 2B). In contract, the high-frequency band experiences extreme
acoustic attenuation. As a result, all noise sources in this band, such as thermal agitation [9],
are confined to areas in close proximity to the hydrophone [4]. Detailed information about

these distinct sources is provided in the following paragraphs.
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1.2.1. The geophony: thermal agitation and hydrodynamic sources
Geophony refers to the natural sounds emanating from non-biological sources within the
environment. It encompasses a multitude of elements that collectively shape the acoustic

landscape of a specific location.

According to the concept of thermal agitation, as the temperature of an object increases, its
molecules exhibit more rapid movements (Figure 2). In seawater, this thermal agitation
generates noise referred to as ‘thermal noise’ [4], whose intensity is logarithmically related to
the frequency [9]. Thermal noise dominates marine soundscapes from frequencies above
50 kHz [9] to 60 kHz [4], while below 10 kHz, even the lowest levels of ambient noise surpass
the thermal noise levels [5]. In addition to thermal noise, various other acoustic processes

continuously occur in the ocean, collectively referred to as hydrodynamic sounds [5].

ACQ.B »
.. & ‘

Figure 2 lllustration of thermal agitation for (A) a cold object and (B) a hot object.

Hydrodynamic sources can be classified into four groups: oscillating bubbles, water droplets,
surface waves, and turbulence [5]. Many physical objects, such as bubbles, oscillate when
disturbed from equilibrium, similar to a pendulum given a push [10]. In the ocean, when air
bubbles vibrate, the surrounding medium (i.e., water) dissipates much of the energy as sound
[11]. These oscillations bubbles can arise from different phenomena (e.g., decaying matter,
fish belching, and gas seepages), but they are particularly abundant in surface agitation caused
by wind-induced processes [5]. For instance, air can be entrained in the water due to the impact
of water droplets on the ocean surface [6] (Figure 3). The second group of sounds is generated
by the impact of water droplets on the ocean surface. Additionally, fluctuations in the ocean’s
surface (surface waves) induce subsurface pressure variations that influence the underwater

ambient noise [7,8]. Lastly, turbulence resulting from (1) the interaction between water and
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the ocean floor, (2) surface agitation, and (3) internal water movements (advection, convection,

and density currents) also contributes to noise production [5].

hail g -
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Figure 3 Illustration of the main components of the marine geophony. Decaying matter, fish belching, and gas
seepages are source of oscillating bubbles. Swell and storms contribute to the seismic background.

1.2.2. Other components of the geophony
Additional non-biological sounds can be heard in the ocean. These sounds result from
volcanic and tectonic sources (compressional waves) [12,13], transient events (storms and

swells), precipitation, and sea-ice movements [5] (Figure 3 and Figure 4).

1.2.3. The anthropophony

The most noticeable sounds produced by humans in the ocean are related to ships. These
sounds can be divided into two groups: traffic noise and ship noise (Figure 5). Ship noise refers
to the noise caused by a ship or ships in close proximity, resulting in short-term variations in
the soundscape (Figure 4). Traffic noise, on the other hand, is the combined effect of all non-
immediate ship traffic [5] across an entire basin, even when no ships are visible nearby [4].
Although traffic noise may be less obvious than ship noise, it dominates the low-frequency
band (10 — 500 Hz) [14,15]. Ship noise includes broadband noise caused by bubble collapse at
the propeller blade tips as well as tonal components associated with blade passages [4].
Furthermore, other sources of ship noise include machinery such as generators, engines,
hydraulic power plants, and pumps [4].
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Figure 4 Geophysical and anthropic sounds. (A) Ice calving, (B) ice singing, (C) airguns for seismic

exploration (accelerated 10x), (D) pile driving, (E) small vessel, and (F) large vessel. (A) NOAA (Fisheries) 2023.
03-ice-calving-clip.  https://wwuw.fisheries.noaa.gov/s3/2023-04/Ice-Calving-AWI-Van-Opzeeland-03-ice-calving-clip.mp3 (B) NOAA
(Fisheries) 2023. 02-ice-singing. https://www.fisheries.noaa.gov/s3/2023-04/Ice-singing-AWI-Van-Opzeeland-02-ice-singing-clip.mp3 (C)
NOAA (PMEL) 2000. MarcCE-airguns-10x https://www.pmel.noaa.gov/acoustics/env-noise/sounds/airguns_00 03 05 marCE-Airguns-
10x.wav (D) NOAA (Fisheries) 2023. Pile-driving-high-level-MarthasVineyard https://www.fisheries.noaa.gov/s3/2023-04/Pile-driving-high-
level-MarthasVineyardFerry Terminal-NOAA-PAGroup-02-Rowell-pile-driving-clip.mp3 (E) NOAA (Fisheries) 2023. 08-Vessel-clip
https://www.fisheries.noaa.gov/s3/2023-04/Vess-GRNMS-NOAA-PAGroup-08-vessel-clip.mp3 (F) NOAA (Fisheries) 2023. Vess-05-Large-
vessel-clip https://www.fisheries.noaa.gov/s3/2023-04/\Vess-05-large-vessel-clip.mp3 Used with permission from NOAA PMEL.

Figure 5 Illustration of the main components of the marine anthropophony. Planes and cars serve as examples
of terrestrial/aerial acoustic sources that impact coastal waters.

In addition to ship activities, industrial activities such as pile driving, hammering, and
riveting generate noise, especially in near-shore areas [5,16] (Figure 4). Explosions, including
the removal of structures, military mines, bombs, and torpedoes [4], also act as significant
sources of broadband and highly energetic underwater noise [4]. These events typically occur
at regional scales, although some can be detected across multiple ocean basins [17].
Furthermore, smaller explosions are utilized by fishermen to stun or kill fish, or to deter
pinnipeds [4]. During seismic exploration, air-gun arrays are towed by marine vessels and
produce sounds through the expansion and contraction of released air bubbles [18] (Figure 4
and Figure 5).

35


https://www.fisheries.noaa.gov/s3/2023-04/Ice-Calving-AWI-Van-Opzeeland-03-ice-calving-clip.mp3
https://www.fisheries.noaa.gov/s3/2023-04/Ice-singing-AWI-Van-Opzeeland-02-ice-singing-clip.mp3
https://www.pmel.noaa.gov/acoustics/env-noise/sounds/airguns_00_03_05_marCE-Airguns-10x.wav
https://www.pmel.noaa.gov/acoustics/env-noise/sounds/airguns_00_03_05_marCE-Airguns-10x.wav
https://www.fisheries.noaa.gov/s3/2023-04/Pile-driving-high-level-MarthasVineyardFerryTerminal-NOAA-PAGroup-02-Rowell-pile-driving-clip.mp3
https://www.fisheries.noaa.gov/s3/2023-04/Pile-driving-high-level-MarthasVineyardFerryTerminal-NOAA-PAGroup-02-Rowell-pile-driving-clip.mp3
https://www.fisheries.noaa.gov/s3/2023-04/Vess-GRNMS-NOAA-PAGroup-08-vessel-clip.mp3
https://www.fisheries.noaa.gov/s3/2023-04/Vess-05-large-vessel-clip.mp3

Sonars are a significant additional source of anthropogenic noise, particularly in the mid-
frequency band [4]. Mid-frequency sonars are utilized for detecting submarines at moderate
ranges, while low-frequency active sonars are employed for military surveillance. Civilian
and commercial sonars operate at higher frequencies that attenuate rapidly, resulting in
localized effects [4]. Although they generally produce sounds at lower source levels compared
to military sonars, they are more widespread [4]. They are employed for seafloor mapping, with
mid-frequencies used in deep-water systems and high-frequencies used in shallow water
systems [4]. Sonar are also used to detect plankton and schools of fish [19] and for underwater
search and recovery operations. Stationary modems used for acoustic telemetry and acoustic
deterrent/harassment devices (technologies employed to deter marine mammals from fishing
gears and aquaculture facilities [20]) also contribute to anthropogenic noise. Finally, noises
originating from other environments, such as cars and planes, can be detected within the

marine anthropophony.

1.2.4. The biophony

Many marine species produce noise or sounds across a wide frequency range, ranging from
very low frequencies (< 15 Hz) [21] to very high frequencies (> 100 kHz) [22]. This acoustic
activity can be studied at two levels. The first level involves discerning individually
identifiable sounds from generally nearby sources, requiring the comparison of a diverse
range of distinctive acoustic events, often referred to as ‘sounds’, ‘calls’, or ‘vocalizations’,
each with limited duration. The second level, referred to as the acoustic ‘mass-phenomena’
level, pertains to longer, continuous biological noises that result when many individuals
vocalize simultaneously [23-25]. Major sources of biophonic sounds include benthic
invertebrates, fish, and marine mammals (Figure 6). The behaviors responsible for sound
production by these taxa are variable, encompassing both communication sounds, such as those
produced by marine mammals and fish, as well as non-communication sounds, which can occur,

for example, when benthic invertebrates move or fish feed.
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Figure 6 Illustration of the primary sources of the marine biophony. Terrestrial animals can only be detected
in coastal shallow waters.

1.2.4.1. Sound emission by marine mammals

All studied marine mammals emit sounds: odontocetes, mysticetes, pinnipeds, and sirenians,
as well as some species that are less adapted to marine live, such as the polar bears and two
species of otters. Odontocetes, or toothed whales, are capable of producing various types of
sounds (Figure 7 and Figure 8), including social sounds such as whistles and burst sounds, as
well as broadband clicks [26] (Figure 7). While all studied odontocetes produce clicks and burst
pulse sounds, certain species rarely or never produce whistles [3]. Whistles are continuous tonal
sounds that can cover both the sonic and ultrasonic frequency ranges [27,28]. Burst pulses are
brief vocalizations characterized by a high repetition rate (> 300 pulses s™*) or short interpulse
intervals (< 3 ms), giving them a sgawks/moan-like quality to the human ear [3]. Although less
studied than whistles [3], burst pulses play an important role in dolphin sound emissions [29].
There is a fine region of demarcation between burst pulse sounds and echolocation clicks [3].
Clicks are short, broadband, and highly directional sounds. Dolphins are thought to produce
echolocation signals using their nasal system, with the signals being projected out through the
melon [30,31]. Odontocetes emit echolocation signals and receive echoes, enabling them to
perceive their environment. These signals are utilized for navigating, prey detection, prey
capture, and predator avoidance [3].
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Figure 7 Spectrogram of a segment of the recorded soundscape in French Polynesia at 22.05 kHz (FFT =
256) showing the difference between clicks, bursts, and whistles. The warmer the color, the louder the sound.

Figure 8 Biological sounds. (A) Eubalaena glacialis (a mysticete), (B) Stenella frontalis (an odontocete), (C)

Erignathus barbatus (a pinniped), (D) Bairdiella chrysoura (a teleost), and (E) Alpheidae (shapping shrimps). (A)
NOAA (Fisheries) 2023. Eugl-upcall. https://www.fisheries.noaa.gov/s3/2023-04/Eugl-upcall-NOAA-PAGroup-01-right-clip-1.mp3 (B)
NOAA (Fisheries) 2023. Stfr-Multisound. https://www.fisheries.noaa.gov/s3/2023-04/Stfr-Multisound-NOAA-PAGroup-01-atlantic-spotted-
dolphin-clip.mp3 (C) NOAA (Fisheries) 2023. Erba-Multisound. https://www.fisheries.noaa.gov/s3/2023-04/Erba-Multisound-Cornell-
OrnithologyLab-01-bearded-seal-clip.mp3 (D) NOAA (Fisheries) 2023. Bach-knocks-LGL. https://www.fisheries.noaa.gov/s3/2023-04/Bach-
knocks-LGL-Heyman-01-silver-perch-clip.mp3 (E) NOAA (Fisheries) 2023. Alsp-snaps. https://www.fisheries.noaa.gov/s3/2023-04/Alsp-
snaps-NOAA-PAGroup-02-amplified-snapping-shrimp-clip.mp3 Used with permission from NOAA PMEL.

Among the fourteen extant species of mysticetes, all of them are capable of producing sounds
[32-37]%. These sounds can be categorized into two groups: calls and songs (Figure 8). In
contrast, only four species are known to produce songs [38-42]. Songs are defined as
‘sequences of notes occurring in a regular sequence and patterned in time’ [43]. Songs are

related to courtship. Among these four species, the humpback whale (Megaptera novaeangliae)

L In the literature, a review on the acoustic behavior of mysticete whales was published in 1990. It was previously
assumed that ten out eleven species were capable of producing sounds. However, it is now known that the
remaining species (Caperea marginata) also exhibits vocalizations. Additionally, the three populations that have
been elevated to species status are also known to vocalize.
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has been extensively studied [44]. Songs can vary from one population to another, and singing

peaks occurs when humpback whales migrate to warmer waters [44].

Pinnipeds vocalize both in air and underwater (Figure 8). Little is known about their
underwater sounds in comparison to their aerial calls [3]. However, it appears that they serve
similar social communicative functions. While some seals seem to have only one type of
vocalization (e.g., Mirounga and Histriophoca seals) [45,46], others, such as Leptonychotes
weddellii, are known to produce up to 34 different types of vocalizations [47]. Sea lions and
walruses are also recognized for vocalizing underwater [48-50]. Additionally, underwater
vocalizations have been reported in sirenians, both in dugongs [51] and manatees [52]

Nevertheless, these animals are generally known to be very quiet [53].

1.2.4.2. Sound emission by fish

Despite the popular expression ‘dumb like a fish’ that has been popularized since the
Renaissance [54,55], the ability of fish to produce sounds has been mentioned since Aristotle
[56] and has been exploited by fishermen for centuries [57] (Figure 8). Fish sounds are typically
low-frequency sounds (below 2 kHz) [58] and are used in various behavioral contexts, including

reproduction, defense, aggression, and perhaps echolocation [59,60].

Out of the more than 34,000 extant species of actinopterygians, over 20,000 species are
potentially capable of acoustic communication [61]. The complexity of this vast number of
species is further compounded by the fact that fish produce sounds in a wide variety of ways
[3]. Sound production is not ancestral but has independently evolved at least 27 times, much
more than in tetrapods [61]. Categorizing sonic mechanisms in fish is complicated because one
species can use different mechanisms [62]. The two major mechanisms are sonic muscles and
stridulation [63] (Figure SP1 - 2D).

1.2.4.3. Sound emission by benthic invertebrates

Many benthic invertebrate taxa, such as bivalves [64], sea urchins [65], and crustaceans [24],
are known to be soniferous. Among crustaceans, various taxa including hermit crabs [66], crabs
[24], stomatopods [24,67], spiny lobsters [68], lobsters [69], and Palaemonidae shrimps [24]
are vocal. However, the most well-known vocal taxa are snapping shrimps (Figure 8 and
Figure 9) [24,70]. Snapping shrimps, belonging to the Alpheus and Synalpheus genera [24,71],
are small Alpheidae crustaceans ranging in size from a few millimetres to centimetres [72]. The
snapping action of their enlarged claw [70] generates a high-velocity water jet that exceeds

cavitation conditions [73]. This snapping behaviour is used to stun or kill small preys [74],
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injure interspecific opponents [75], engage in agonistic encounters [76,77], or occur
spontaneously without any environmental trigger [78,79]. The collapse of the cavitation bubble
produces a sharp transient broadband sound [73] with a peak frequency between 2 and 20 kHz
[80] and a peak-to-peak amplitude of up to 190 dB re 1 pPa at 1 m [70]. These sounds are
considered the most prevalent sounds in coral reefs [24,81,82] and are believed to be constantly
present [24,70]. Individual snapping sounds are produced only occasionally, while the
combined snapping of a large population results in a continuous loud crackling sound [83].

2 “\ﬂ ey o)

Figure 9 Snapping shrimps. (A) Alpheus soror, (B) Alpheus armatus, and (C) Alpheus randalli. Pictures taken
by the author.

1.3. Passive acoustic monitoring

Due to the abundance of vocal marine taxa, efficient underwater sound propagation (Figure
SP1 - 2B), and the increasing affordability of recording systems such as hydrophones and
recorders (refer to Chapter 2), listening to these sounds has become a valuable means of
quantifying and monitoring marine biodiversity [84]. This approach is known as passive
acoustic monitoring (PAM). Beyond complementing visual survey methods for short-term
daytime shallow studies, PAM enables the study of environments with limited or no light such
as during the night, in the aphotic zone, or in murky waters [82,85]. It also proves beneficial

for long-term monitoring [86] and in areas that are poorly accessible by divers.

PAM not only enables the detection of sonic species but also provide information on various
behavioral processes, such as courtship [87] or spawning [88,89]. Several studies conducted
through PAM have unveiled the presence of cryptic species [90], species misidentification [91],
the discovery of new (sub-)species [92], and identification of new spawning/breeding areas for
both fish [93] and cetaceans [94,95]. It is particularly important for regulating fishing efforts
[96] and for understanding the habitat use strategies of endangered species [84]. Lastly, in coral
reefs, PAM emerges as the most effective non-invasive method for studying snapping shrimps
[96]. This is particularly important given the known link between biophony alteration and coral
reef degradation [97,98].
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2. ‘Dive to the depth’: an introduction to Polynesian photic and mesophotic
coral reefs

2.1. Coral reefs

Scleractinian corals are found from the intertidal zone to the abyss [99]. The accumulation
of coral skeletons (often cemented by coralline algae) [100] forms a coral reef when they modify
sediment deposition, provide a complex three-dimensional habitat, and undergo dynamic
processes of growth and erosion [99]. They can be categorized into cold-water coral reefs and
tropical coral reefs. Cold-water coral reefs are associated with colder conditions, often (but
not always) in deep offshore waters [99]. The depth at which cold-water corals can be found
varies greatly, ranging just 20 m depth in Chilean fjords [101] to over 3000 m depth off the
coast of the USA [99].

Despite occupying ‘only’ 250,000 [102] to 255,000 km? [103], tropical coral reefs (also
known as light-dependent coral reefs) are one of the largest biodiversity hotspots on Earth
[104]. Reefs ranging from the surface to 130/150 m can be divided into shallow-water coral
reefs, also known as altiphotic or photic reefs? (ranging from the surface to 30/40 m depth), and

deeper mesophotic coral ecosystems® (MCEs) [105].

2.2. Mesophotic coral ecosystems

MCEs extend from 30/40 m to/over 150 m [106-108]. Their lower limit is defined as the
maximum depth at which there is sufficient sunlight to support photosynthesis and,
consequently, the growth of zooxanthellate hermatypic corals [109,110]. In contrast to shallow-
water coral reefs, the ecology and population dynamics of MCEs remain largely unknown due
to their limited accessibility to humans [108]. However, MCEs are believed to serve as refuges

for various reef species and could contribute to the recovery of photic reefs [109,111].

2.3. Polynesian photic and mesophotic coral reefs
2.3.1. Polynesian archipelagos

In the southern Pacific Ocean, French Polynesia spans over 5 million km? [112,113] and
consists of 118 islands that are divided into five archipelagos: Austral, Gambier, Marquesas,

Society, and Tuamotu Islands (Figure 10).

2 This definition is not equivalent to the (eu)photic zone, i.e., the water column where radiation is degraded down
to a maximum of 1%. The euphotic zone can vary from a few centimeters to approximately 200 m.

% This definition is not equivalent to the mesopelagic zone, i.e., the water column where radiation is between 1%
and 0%. This zone is typically found between 200 and 1000 m in the open ocean.
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Figure 10 Map of the study area. (A) Location of French Polynesia in the Pacific Ocean, (B) zoom on French
Polynesia (A, G, M, S, and T) and adjacent areas (C and K), and (C) zoom on Tahiti and Moorea Islands. FP =
French Polynesia, K = Kiribati, C = Cook Islands, M = Marquesas Archipelago, T = Tuamotu Archipelago, S =
Society Archipelago, G = Gambier Archipelago, A = Austral Archipelago. Images sourced from SIO, NOAA, U.S.
Navy, LDEO-Columbia, NSF (Google Earth).

The Society Archipelago is a 700 km long N.W. — S.E. oriented volcanic archipelago divided
into Windward Islands (five islands) and Leeward islands (nine islands). These islands occupy
a total land surface of 1,590 km?, with two-thirds of it belonging to Tahiti Island [114]. The
Tuamotu Archipelago follows the same orientation but stretches over a much longer distance
of 1,600 km, encompassing 76 islands [113]. Due to its older age, all islands in this archipelago
are atolls [115]. On the eastern side of French Polynesia, the Gambier Archipelago consists of
eleven islands, with Temoe Island separated from the rest. Finally, Austral and Marquesas
Islands comprise seven and ten* islands, respectively.

2.3.2. Why focus on Polynesia?

The South Pacific region has the highest concentration of coral reefs, accounting for 35.7%
of all tropical coral reefs, surpassing other regions worldwide such as South-East (26.7%), the
Indian Ocean (14.1%), the Northern Pacific (6.7%), the Red Sea (6.7%), the Caribbean (7.8%),
the Persian Gulf (1.2%), the Northern Atlantic (0.8%), and the Southern Atlantic (0.4%) [103].
The southern areas of French Polynesia, particularly the Windward islands, are projected to
serve as ‘climate refugia’ where coral may experience less severe bleaching in this century due
to comparatively lower predicted thermal anomalies (see Section 3.2.1) [116]. Most of the coral
reef research in Polynesia focuses on the shallow areas of the Society Archipelago (primarily
Moorea and Tahiti) and parts of the Tuamotu Archipelago [117]. Moorea Island is a major
research hub for coral reefs in the central Pacific [118]. Surveys to assess the composition of

coral reefs in Moorea have been conducted since the 1970s [119,120]. The significance of this

4 Motu One and Motu Nao are generally not classified as islands but are instead referred to as ‘small islands’.
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region at a global scale, its relatively well-preserved state, and the wealth of scientific
knowledge accumulated on Moorea Island are the primary reasons for choosing Polynesia as

the focal point of this thesis.

2.3.3. Structure of Polynesian reefs

Polynesia comprises both coral atolls (also known as low islands) and high islands (volcanic
island surrounded by a barrier reef). On young high islands, the coastline consists of rocky areas
with a fringe of reef (e.g., Mehetia Island) that develop into a fringing reef (e.g., Tahiti Island).
Over time, the island subsides [121], resulting in the formation of a lagoon surrounded by a
barrier reef (e.g., Moorea Island) located at the former coastline position (Figure 11). This
lagoon expands (e.g., Bora Bora Island) while the central island diminishes, ultimately forming
an atoll (e.g., Rangiroa Island) (Figure 11). The oceanic side of the reef is referred to as the
‘external slope’ (Figure 12). Due to its remarkable richness and diversity [115], this thesis will

specifically focus on this particular section of the reef.

In French Polynesia, the external slope is characterized by a high coefficient slope [122].
The external slope varies according to the type of island (Figure 12 and Figure 13). In atolls,
the external slope is divided into an upper slope consisting of a succession of spurs and grooves
followed by a sloping terrace, and a more steeply inclined lower slope [122]. In high islands,
the profile is more variable [122]. Generally, it is divided into three parts: (1) the upper slope
(up to a depth of 30 m) containing spurs, grooves, terraces, and buttresses; (2) a less inclined
slope (between depths of 30 and 70 m) with a variable nature (predominantly hard bottom coral
substrate or a sandy plain); and (3) a steep slope or drop off with a higher inclination (below
a depth of 70 m) (Figure 13) [122]. Each part of the external slope can be further divided into
smaller zones. For example, in the northwest of Moorea Island, the upper slope is divided into
(1) algal crest, (2) erosion furrows, (3) gentle slope, (4) superior spur system, (5) sand bed, and
(6) inferior spur system (Figure 13).
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Figure 11 Evolution of island type in French Polynesia. (A) Mehetia Island, (B) Moorea Island, (C) Bora Bora
Island, and (D) Tikehau Island. The imagery used is from Maxar Technologies Data SIO, NOAA, U.S. Navy,
NGA, GEBCO, LDEO-Columbia, NSF, CNES / Airbus and has been modified from Google Earth.

Figure 12 External slope of the barrier reef. (A) Tikehau, (B) Bora-Bora, and (C) Moorea. (A) and (B): ©
Franck GAZZOLA / UNDER THE POLE / Zeppelin Network, (C): © Ghislain BARDOUT / UNDER THE POLE
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Figure 13 Bathymetric profiles of the outer slope in three Polynesian islands (Tahiti in blue, Mururoa in
red, and Moorea in black). Adapted from [122-125].

2.3.4. Fish biodiversity of Polynesian reefs

More than 1,300 fish species are known to occur in French Polynesia [126], with the majority
found in the Society Archipelago (67%). The Marquesas Archipelago has the highest proportion
of endemic fish species (13.7%), which ranks as the third highest level of endemism for Pacific
fish. This significant level of endemism can be attributed to the limited number of reefs in this
archipelago, resulting from past modifications in water currents that have led to changes in
water temperature and nutrient concentration [115]. These observations primarily focus on the
photic zone of the reef because, similar to other regions worldwide, our understanding of MCEs
remains limited. This knowledge gap is particularly pronounced below a depth of 80 m [122],
where descriptions are generally limited to bottom relief. Only limited information is available

regarding fish communities at these depths.

There is an important aspect shared by numerous reef species that needs to be mentioned. In
coral reefs, most marine animals (bryozoans, cnidaria, crustaceans, echinoderms, molluscs,
polychaetes, sponges, tunicates, teleosts, etc.) exhibit structured life histories with two distinct
stages: a relatively benthic/sedentary stage on the reef (usually juveniles and adults) and a
pelagic, dispersal larval stage in the ocean (Figure 14) [127]. Subsequently, organisms
relocate to the reef habitat once they are ready to transition to demersal habitat [128]. To

accomplish this, they rely on various cues, which may include vision [129], olfaction [127,130-
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132], sounds [128,133,134], turbulence differences [127], gradients of plankton/detritus [127],
or a combination of these factors [135-137]. Upon arrival at the reef, larvae undergo
metamorphosis and a dietary shift.

OPEN OCEAN recruitment

reproduction

Figure 14 Life cycle of the majority of coral reef fish species. Royalty-free photographs.

2.3.5. Passive acoustic monitoring of Polynesian reefs

Given the diversity of species inhabiting coral reefs, and the known vocalization abilities of
many of these species [21,138-140], coral reefs are sometimes referred to as ‘choral reefs’
[57,138,141]. In French Polynesia, extensive research has been conducted on the
characterization of fish sounds from various families, including Balistidae [139,142,143],
Carapidae [144-148], Chaetodontidae [149], Ostraciidae [150], Pomacentridae [92,151-153],
and Serranidae [154]; while other taxa have received little attention (see [155] for an exception).
Since 2015, PAM has been utilized to study Polynesian reefs, primarily for habitat comparisons
[156,157] and site assessments [158,159]. It has also been employed to examine temporal
patterns of fish sounds in the photic reef [141] and to investigate the impact of noise on taxa
such as gastropods [160], rays [161], and sharks [162]. Preliminary studies suggest that PAM
is a valuable tool for studying reefs in conjunction with or as a replacement for other techniques
(Figure SP1 - 1). In Moorea Island, closely related habitats located within 1 km of each other
exhibited significant differences in their spectral composition [156]. Furthermore, there are
indications that vocal species can also be found in deeper habitats (75 to 90 m) [157]. Thus,
passive acoustics could serve as a proxy for studying MCEs [138,163,164]. However, despite
its usefulness in reef research, there is limited knowledge regarding (1) the range of sound
propagation in the open ocean, (2) the depth-related variations in reef sounds, (3) the temporal
patterns of MCE sounds, and (4) the impact of anthropogenic pressures on the biophony. This
is particularly important as the health of Polynesian coral reefs is currently or will be

increasingly threatened by rising anthropogenic pressures [165].
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3. ‘Silent Spring’: an introduction to the Anthropocene

3.1. What is the Anthropocene?

The Anthropocene refers to the current geological time interval during which Earth is
profoundly impacted by humans activities, typically since the mid-twentieth century [166].
Human activities have a significant impact on the marine environment through five major
pathways: (1) extraction of living resources, (2) pollution, (3) physical alteration (such as
bottom fishing, seabed mining, or coastal structures [167], Figure 15), (4) biological invasions,
and (5) global climate change [168,169]. Threats from global changes include invasives (Figure

16) [170], coral bleaching (Figure 17), increasing levels of CO2, and increasing/new diseases.

Figure 15 Illustration of typical artificial embankments, part of the coastal development in French
Polynesia. (A) Embankment at Raiatea Island; (B) embankment for littoral privatization at Moorea Island. Pictures
taken by the author.

Figure 16 Illustration of increasingly abundant invasive opportunistic macroalgae on Polynesian coral reefs.
(A) Genus Turbinaria on the external slope (8.4 m) at Moorea Island; (B) floating assemblages of macroalgae
(mainly Sargassum and to a lesser extent Turbinaria) in the lagoon, Moorea Island. Pictures taken by the author.

3.2. Negative impacts on the biophony of coral reefs

Human activities alter marine soundscapes by adding anthropogenic noise and by impacting
the geophony and the biophony [16]. Climate change leads to an increase in the energy of
tropical storms, causing an increase in associated waves, wind, and rain and therefore increasing
the geophony level [16]. These events are also associated with the degradation of reefs leading

to reduced associated biophonies [171]. This reduction is also reinforced by the direct
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degradation of their habitat and the resulting lower species abundance [172,173]. In addition to
these alterations of the vocalization patterns of animals, climate change cause the ocean to be
warmer leading to an alteration in the acoustic detectability, and the auditory capabilities of
animals [174]. These changes can result in the changes or loss of choruses due to community

alterations [174] and changing sea-surface temperature [175,176].

Figure 17 Hlustration of dead and bleached coral. (A) Underwater photography at Moorea Island (site: E2B,
depth: 10 m) in January 2021, depicting a significant proportion of dead coral partially covered by macroalgae, as
well as bleached coral. (B) Coral bleaching in MCEs at Moorea Island. Pictures taken by the author.

3.2.1. Coral bleaching and the loss of biophony

In the long-term, human-induced climate change may represent the greatest threat to marine
ecosystems [167,177]. Anomalously high sea temperatures are linked to coral bleaching events
[178,179]. Coral bleaching occurs when corals expel their endosymbiotic algae, resulting in a
reduction in their density and the concentration of photosynthetic pigments within them (Figure
17) [180,181]. Although various stressors can contribute to initiating bleaching [182-184], the
primary cause of mass bleaching events is elevated sea temperatures [182-184] and/or high
solar irradiance [185-187].

Mass bleaching events alter the ecological process of reefs [188]. Coral declines have been
accompanied by changes in the structure, diversity, and trophic composition of reef fish
communities [189]. Furthermore, degraded reef sounds are less attractive to young fish during
their recruitment process, see section 2.3.4), resulting in reduced settlement rates and posing a
threat to the recovery of degraded reefs [97,190]. Preliminary reports on Australian reefs have

shown that soundscapes can be degraded when severe damages occur on the reef [97].

3.2.2. Acoustic pollution

In addition to climate change related impacts, another stressor for marine animals from coral
reefs is anthropogenic noise [16]. Over the past few decades, shipping has significantly
contributed to the increase in ambient noise levels by up to 12 dB [4]. Marine mammals are
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well-documented to be impacted by various sources of anthropogenic noise, including military
sonars [191], seismic surveys [192-196], detonations [197], pile driving [198,199], and ship
noise [200-204]. These impacts can lead to avoidance behavior [198,201,203], hearing
disabilities/loss [197,199], stress [204], disruptions [200], increased vocalizations [202],
delayed migrations [195], or even stranding events [191-194]. Fish and invertebrates are also
affected by anthropogenic noise. Studies have reported impacts on these groups from seismic
surveys sounds [205-211] and ship noise [160,161,212-218], resulting in mortality [209-211],
hearing loss or behavioral changes [206,207,219,220], and alterations in factors such as
predation risk [216], offspring survival [215] or settlement patterns [212,217]. It is important
to note that a minority of studies have found no impact of seismic surveys on fish [221] and
invertebrates [222,223] to provide a comprehensive perspective.

3.3. Protection measures

The publication of Rachel Carson’s ‘Silent Spring’ in 1962 [224] raised greater
environmental awareness among the general public. Despite this, there is currently no
international treaty specifically dedicated to coral reef conservation [167]. However, due to the
high inertia nature of ocean-atmosphere systems, coral reefs can benefit from other international
agreements, such as the ‘Global Programme of Action for the Protection of the Marine
Environment from Land-Based Activities’, the ‘International Convention for the Prevention of
Marine Pollution from Ships’ or the FAQO’s ‘Code of Conduct for Responsible Fisheries’ [167].
At the local and regional level, Marine Protected Areas (MPAS) primarily focus on fisheries

management and biodiversity conservation.

3.3.1. Coral reef MPAs

When properly designed and managed, MPAs can be effective, particularly for species with
limited mobility [167]. The biomass of resident fish within MPAs is generally two times higher
compared to areas outside MPAs [225]. Exploited predatory species, in particular, tend to be
more abundant and larger in size within ‘no-take’ MPAs [226,227]. Additionally, MPAs can
help prevent the loss of live coral cover [228,229]. However, it should be noted that there can
be significant time delay before coral cover responds to protection measures due to the slow
growth rate of corals [167]. An attempt to quantify this protection measure showed an increase
in coral cover of 0.05 — 0.08% per year within MPAs, while outside MPAs, there was a decline
of 0.27 — 0.43% per year [228].
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3.3.2. MPAs in French Polynesia

In 2018, the entire exclusive economic zone (EEZ) of French Polynesia was designated as a
marine managed area (MMA), called ‘Tainui Atea’, covering an area of nearly 4.9 million km?
[230,231]. It is important to note that this MMA is not classified as an MPA. The ‘management
goals’ of the MMA focus on ‘the sustainable exploitation of fishery resources’ and ‘the rational
use of marine resources for sustainable development’ [230]. In French Polynesia, marine
protection measures are governed by two distinct legislations: environment laws and spatial
planning laws [232] (Table 1). This results in a complex situation with some MPAs allowing
fishing activities and specific areas designated as ‘Specific fishing regulations areas’ where
fishing is prohibited (Table SP1 - 1). The main protection measures in place include two integral
reserves (Manuae and Motu One Islands) and two major spatial planning plans (PGEM) in
Moorea Island and the Fakarava Municipality, which is part of the Fakarava Biosphere Reserve
(Table SP1 - 1) [232,233].

Table 1 Levels of protection in French Polynesia based on legislative code.

Level Local name Translation

Code de I’environnement

| Réserve intégrale et zone de nature sauvage Integral reserve and wilderness area
1 Parc territorial Territorial Park

I Monument naturel Natural monument

v Aire de gestion des habitats et des espéces Habitat and species managed area
\% Paysage protégé Protected countryside

VI Aire protégée de ressources naturelles gérées Managed area

Code de I’aménagement
Maritime space management plan of Fakarava Island

RI Réserve intégrale Integral reserve

NP Zone naturelle protégée Protected natural area

HP Zone a habitat protégé Protected habitat area (e.g., nesting turtles)
RA Rahui Traditional alternating fishing area
NT Zone naturelle a vocation touristique Natural tourist area

Maritime space management plan of Moorea Island

MPA Aire marine protégée Marine protected area

ZPR Zone reglementée de péche Specific fishing regulations area
Other spatial planning legislations

ZPR Zone reglementée de péche Specific fishing regulations area

- Rahui Traditional alternating fishing area

3.3.3. Passive acoustic monitoring of Polynesian MPAs

Moorea Island has eight MPAs. In MPAs, fishing is prohibited, the harvesting of any species
is forbidden, as well as any modification of the beach and lagoon, and any activity leading to
degradation of the marine environment, including the discharge of wastewater and waste, and
the collection of substrate. However, mooring on permanent anchors and swimming are

allowed. Regarding fishing regulations, there are three exceptions, one of which applies to an
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MPA studied in this thesis (MPAgast), where line fishing and specific fishing, such as for
Gobiidae, some Scrombidae, and juveniles of some Mullidae, is allowed. This island has the
advantage of containing marine control areas (MCASs) which are non-protected areas that are
used as ‘controls’ in the monitoring of MPAs [234]. When comparing the soundscapes of MPAs
and MCAs, it has been shown that MPASs had a higher ambient sound pressure level than MCAs
[158]. This preliminary observation highlights the significance of acoustics as a tool in
monitoring MPAs [158]. However, the long-term resilience of these MPAs and how it is

transposed into their biophony is still unknown.

4. Objectives of the research thesis

In French Polynesia, the current knowledge on the biophony mainly focused on fish
vocalizations from photic reefs. It highlights a gap on our understanding of (1) the high-
frequency part of the biophony, and more broadly of the ‘mass-phenomena’ biophony, and on
(2) the biophony in MCEs, including its depth-related and diel cycle variations, as well as
species identification. A comprehensive understanding of the long-term consequences of
protection measures on the resilience of coral reefs, particularly in the face of threats such as
coral bleaching, is still lacking.

The main objective of this research thesis is to determine how the diversity of the biophony
of photic and mesophotic French Polynesian coral reefs in the Anthropocene varies. In order to
achieve this objective, the thesis is divided into an introduction (Part I), three core parts (Parts
I, 111, and 1V) and a discussion (Part V). The three core parts focus on (I) the ‘mass-
phenomena’ of the biophony, (2) the individually identifiable sources of the biophony, and (3)
the human modifications of this biophony. Each part is associated to a specific objective. The
first specific objective is to describe the spatiotemporal variation of the ‘mass-phenomena’
biophony. The second specific objective is to describe and identify the spatiotemporal variation
of the ‘indivividually identifiable sounds from generally nearby sources’ of the biophony. The
third specific objective is to determine how human modifications, both positive and negative,
affects this biophony.

5. Overview of thesis parts and chapters

The first part contains two chapters. The first chapter is devoted to the general introduction
of theoretical concepts important for understanding the research thesis. You have almost
finished reading this first chapter. The second chapter serves as a general overview of the

materials and methods. Its purpose is to provide explanations of the various methodologies
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(sampling and acoustic analysis) that have been utilized in several chapters. Following these

two introductory chapters, the thesis chapters are organized into three parts (Figure 18).

The second part of the thesis focuses on the ‘mass-phenomena’ of the biophony described
in chapters 3 and 4 (Figure 18). The third chapter describes the mass phenomena composed
of fish and benthic invertebrate sounds in Moorea Island, as well as their propagation into the
open ocean. In addition, the propagation distances are compared to audiograms of different
taxa. This comparison is particularly important to understand to which extent pelagic larvae can
capture the detection of the reef (see 2.3.4). The fourth chapter explores the sounds produced
by photic and mesophotic benthic invertebrates. This ‘mass-phenomena’ of the biophony as
well as the individually identifiable BTS were studied in six different Polynesian islands. They
were compared along a depth gradient (from 20 m to 120 m), between atolls and high islands,

and at different periods of the day (nigh, sunrise, day, and sunset).

The third part focuses on individually identifiable sources of the biophony (Figure 18). In
this part, fish sounds will be explored in more detail. There are two reasons why we decided to
focus on fish sounds. The first reason is that they are continually present on the reefs (unlike
cetacean sounds) and they can be species-specific (unlike benthic invertebrate sounds). The
second reason is that these sounds are primarily involved in communication. This second part
of the thesis is detailed in chapters 5, 6, 7 and 8. Firstly, we tested an automatic approach using
a-acoustic diversity indices to evaluate the diversity of fish sounds (fifth chapter). However,
these indices were originally developed for terrestrial soundscapes, and their application to
marine soundscapes appears to be influenced by fundamental differences between the two
environments. Therefore, in the following chapters, fish sounds were identified by manual
inspection. The sixth chapter studies the spatial variation of fish sounds along the same depth
gradient and types of islands used in Chapter 4. The seventh chapter explains how these fish
sounds vary diurnally. Finally, the eighth chapter focuses on identifying the emitters of fish
sounds recorded in Polynesian mesophotic reefs. For the sixth and eighth chapters, we focused
on the mesophotic part of the reef because there is significantly less scientific knowledge

compared to the photic part of the reefs.

The fourth part of the thesis investigates the influence of human modifications on the
biophony. The ninth chapter is dedicated to the modifications of the biophony following
bleaching events to determine a possible effect of the protection status (MPA vs. MCA). To
accomplish this, the biophony was recorded in four MPAs and four MCAs in 2015 and 2021,
respectively, before and after the bleaching events that occurred in 2016 and 2019.
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The last part of this thesis (Chapter 10) is dedicated to the general discussion and main
conclusions. The goal of this chapter is to provide answers to the biological questions posed in
this thesis by integrating the results from the previous chapters. Additionally, this chapter

includes perspectives for further research.

PART I: INTRODUCTION, METHODS, AND MATERIALS

Chapter 1: General introduction Chapter 2: General material and methods

PART II: THE “MASS-PHENOMENA"” BIOPHONY

Chapter 3: Characterization and propagation Chapter 4: Depth and diel cycle

PART lll: DISCRIMINABLE NEAR SOURCES OF THE BIOPHONY

|¢

Chapter 5: Indices Chapter 6: Depth Chapter 7: Diel cycle Chapter 8: Identification

Part IV: HUMAN MODIFICATIONS' INFLUENCE ON BIOPHONY

|¢

Chapter 10: Bleaching and MPAs

Part V: DISCUSSION

Chapter 10: General discussion

Figure 18 Articulation of the different parts and chapters of the thesis.

Creative inspirations

Thanks to Jacques-Yves Cousteau, Nathalie Imbruglia, and Rachel Carson for their
contributions through film, music, and literature, respectively, which served as inspiration for

the subtitles of this chapter.
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Chapter 2. General material and methods

Sections of this chapter have been used for an educational video on the MANEA platform: Qutils d’étude de
la biophonie — Partie 3 : Autres techniques.
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KEY INFORMATION

Sampling places

¥" The research thesis utilizes data from multiple scientific missions.

¥ Acoustic data was collected at six different islands. Data were collected mainly on the external slope of the barrier reef and
in the open ocean.

v Fishing sessions were conducted in Moorea and Bora Bora.

|¢

Data

v All data were collected using acoustic recording systems, which consist of three components: a hydrophone, an amplifier,
and a recorder. The hydrophone converts acoustic energy into an electric signal using a piezoceramic material, while the
amplifier amplifies the voltage of the signal.

v Fixed acoustic recorders were used to collect data on the reef, while recorders attached to drifting antennas were used for
data collection in the open ocean.

v Two datasets of biological data were utilized in the thesis: benthic cover and fish species identification data.

|¢

Acoustic analyses

v The thesis involves various acoustic analyses with recurring steps outlined.

v Software programs used include Matlab®, RavenPro Sound Analysis Software, RavenLite Sound Analysis Software, Avisoft
SAS Lab Pro, R software, Adobe Audition, and PamGuard software.

¥ Subsampling at 4 kHz was performed for chapters focusing on fish sounds.

Representations

|¢

¥" Oscillograms represent amplitude as a function of time, power-spectra represent amplitude as a function of frequency, and
spectrograms represent frequency as a function of time using a color code.

¥v" TFourier transform is used to transform data from the temporal domain to the frequency domain, and the FFT algorithm is
employed for efficient computation.

v" Parameters such as overlap, FFT length, and the type of window are important in the switch from the temporal to the
frequency domain. Different FFT lengths were used depending on the type of sounds and sampling rate.



1. Sampling

1.1. Sampling places

Since the thesis aims to understand the variations in the biophony, it was decided to obtain
acoustic data at (1) different distances from the reef, (2) different depths, and (3) different times
of the day. Additionally, (1) pre- and post-bleaching data within and outside MPAs were
sampled. The goal was to obtain enough data to address our biological questions with statistical

support.

To know how the biophony propagates from the reef, we used data sampled both on the
external slope of the barrier reef but also in the open ocean off the external slope (mission
CHORUS-16). Concerning the vertical variations of the biophony, we needed both acoustic
data from the photic part of the reefs and from MCEs (Table SP2 - 1). We obtained acoustic
data from MCEs through a collaboration with Under The Pole Expedition
(https://underthepole.org). During the Under The Pole Expedition Il (UTP3), acoustic data

were collected at six different islands (Figure 19). The data obtained during UTP3 were used in
Chapters 4 and 5. Specifically, the data from Tuamotu Archipelago were employed to assess
fish diel cycles®. Additionally, data from Raroia Island were reused for a section of Chapter 7,
along with play-back recordings from Temae (Moorea Island, Table SP2 - 1) and recordings
from a pool (refer to Chapter 7). In addition to acoustic data, fishing sessions were conducted
(ULIEGE-22 mission) to obtain specimens for morphological studies (Chapter 8). Moreover,
during this mission, a preliminary investigation of the lower rariphotic zone [235] was carried
out in Moorea Island (refer to the General discussion section). To meet the last objectives of
the thesis, focusing on the effect of human modifications on the biophony, we realized a specific
field trip (ULIEGE20-21) to Moorea (Figure 19, Table SP2 - 1). To assess the resilience of the
reefs within and outside MPAs, we used data from a previous mission led by Dr. Bertucci during
my master’s thesis fieldwork (CRIOBE-15). The data collected on the North coast of Moorea
Island during ULIEGE20-21 were used in Chapters 9. Specifically, data from eight sites (four
MPAs and four nMPAs) were used for Chapter 9.

® The data from the other archipelagos were used in another study, which is not included in this final document
(see Chapter 6, ‘remark’).
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Figure 19 Map of the sampling sites used in this thesis. (A) Central part of French Polynesia. (B) Zoomed-in
view of the North coast of Moorea Island indicating all the sampled locations. The ‘open ocean’ location
encompasses 78 stations between Tiahura and E2B from 50 m off the reef crest to 10 km in the open ocean.

1.2. Recording systems

All the data were collected using acoustic recording systems. These systems consist of three
components: a hydrophone (i.e., an underwater microphone), an amplifier (usually integrated
into the hydrophone), and a recorder. The hydrophone converts acoustic energy into an electric
signal by using a piezoceramic material that produces a voltage when mechanically stressed.
The amplifier then amplifies the voltage of this signal to ensure it falls within the range that
can be processed by the recorder. Lastly, the recorder digitizes the signal. All the data were
recorded in an uncompressed format called Waveform Audio File Format (WAV = WAVE).

The data collected on the reef were obtained using fixed acoustic recorders, while the data
collected in the open ocean (refer to Chapter 3) were collected using recorders attached to
drifting antennas. Two types of fixed recorders were used. The first type is an autonomous
underwater digital spectrogram (DSG) recorder (Loggerhead Instruments, Sarasota, FL, USA).
This particular recorder was exclusively used during the CRIOBE-15 mission and is no longer
commercially available. All other missions used SNAPs recorders (Loggerhead Instruments,
Sarasota, FL, USA,; Figure 20). Both systems were connected to HT196 hydrophones (High
Tech Inc., Long Beach, MS, USA) with variable sensitivities (expressed in dB re 1 V for a
sound pressure of 1 pPa). Two different schedules (continuous and 1-minute intervals every 10

minutes) were employed based on the apparatus’s autonomy and the duration of the recording
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period. The recorders can be either deployed fixed to the seafloor or vertically on a tripod above
the seafloor. The latter method is privileged due to the three-dimensional complexity of reefs
and the presence of local acoustic hotspots [236]. Therefore, during the UTP3 and ULIEGE-22
missions, the recorders were fixed to a vertical pole. However, during the ULIEGE-20/21
mission, the recorders were placed horizontally on the seafloor to ensure comparability with
previous studies (CRIOBE-15 mission) [141,157,158]. For drifting deployments, EA-SDA14
recorders (RTSys®, Caudan, France) connected to wideband low-noise HTI-92 hydrophones
(High Tech Inc., Long Beach, MS, USA) were deployed. This system was positioned on a
floating antenna. In addition, specific equipment such as loudspeakers was used for play-back
experiments (see Chapter 5 —2.1).

o-rings
batteries switch screen

memory card adjustment buttons  hydrophone

Figure 20 SNAP acoustic recorder (Loggerhead Instruments, Sarasota, FL, USA) connected to an HT196
hydrophone (High Tech Inc., Long Beach, MS, USA). Picture taken by the author.

1.3. Biological data

Two datasets of biological data were used in this thesis. The first set pertains to benthic cover
data (Figure 21) collected during the UTP3 mission (refer to Chapter 5). The second dataset
encompasses both benthic cover and fish species identification data at Moorea Island, as part
of the scientific monitoring program called Service National d’Observation CORAIL

(http://observatoire.criobe.pf) (refer to Chapter 10).
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Figure 21 Photoquadrats for characterizing the benthic cover. © Ghislain BARDOUT / UNDER THE POLE.

2. Acoustic analyses

2.1. Steps and software

In this thesis, various acoustic analyses were performed, involving several steps outlined in
Figure 22. One key step that is consistently applied is subsampling (see 2.2). While the steps
differ when studying the ‘mass-phenomena’ biophony and the discriminable near sources of
the biophony, there are recurring concepts shared between the two throughout the thesis.
Therefore, the creation of oscillograms, power-spectra, and spectrograms is detailed in section
2.3.

Several software programs were used for the acoustic analyses. Subsampling, spectra,

spectrograms, and Wenz modeling, as well as pretreatments and spectra comparisons, were

performed using Matlab® R2014b (MathWorks, Natick, MA, USA). In Chapter 9, version
R2022b was used due to the introduction of the poctave function in 2018. Manual scrolling
and cleaning were conducted using RavenPro Sound Analysis Software 1.5 and RavenL.ite
Sound Analysis Software 2 (Cornell Lab of Ornithology, Ithaca, NY, USA). Manual
measurements of isolated fish sounds were carried out using Avisoft SAS Lab Pro (Avisoft
Bioacoustics; Glienicke/Nordbahn, Germany). Testing of indices (chapter 7) and statistical
analyses were performed using R software versions 3.3.0. to 4.1.1 (R Core Team, 2016 to
2021). Other bioacoustics software programs, such as Adobe Audition 3.0 (Adobe Systems
Inc., Mountain View, CA, USA) and PamGuard software [237], were used on specific

occasions.
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Figure 22 Main recurrent steps in the acoustic analyses used in the thesis. * Applicable only to data with a
sampling frequency of 96 kHz or 48 kHz. ** Not applicable to Chapter 3. *** Not presented in the final document.

2.2. Oscillograms, power-spectra, and spectrograms

Sounds can be characterized at three scales: temporal, frequency, and amplitude/sound
pressure (Figure 23). However, 2D representations allow us to depict only two of these scales
simultaneously. Oscillograms represent amplitude as a function of time (Figure 23). Power-
spectra represent amplitude as a function of frequency. Finally, spectrograms represent
frequency as a function of time using a color code to indicate the amplitude (Figure 23).
Recordings are performed in the time domain by measuring voltage changes. To obtain a power
spectrum, it is necessary to transform the data from the temporal domain to the frequency
domain (Figure SP2 - 1). This is achieved through the Fourier transform (= Fourier analysis),
which decomposes complex waveforms into an infinite sum of simple waveforms, each with
its own frequency [238]. Due to the time-consuming nature of the Fourier transform, the fast
Fourier transform (FFT) algorithm is employed to compute parallel Fourier transforms [239].
The limitation of power-spectra lies in the lack of temporal information. By applying Fourier
transforms to shorts segments of the original signals, the spectrogram is constructed. The
spectrogram can be viewed as numerous consecutive partially overlapping power-spectra
(Figure SP2 - 1 and Figure SP2 - 2).
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Figure 23 Schematization of the links between an oscillogram, a power-spectrum, and a spectrogram. Data:
dolphin vocalizations from French Polynesia.
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PART II: THE ‘MASS-PHENOMENA’
BIOPHONY
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Chapter 3. From the reef to the ocean: revealing the acoustic range of the

biophony of a coral reef (Moorea Island, French Polynesia)
Xavier Raick!?2, Lucia Di lorio?, Cédric Gervaise?, Julie Lossent?, David Lecchini®*# and Eric Parmentier?
! Laboratory of Functional and Evolutionary Morphology, Freshwater and Oceanic Science Unit of Research,
University of Liége, Liege, Belgium
2 Chorus Institute, Grenoble, France

3 Centre de Recherches Insulaires et Observatoire de 1’Environnement, USR 3278, EPHE-UPVD-CNRS-PSL
University, Moorea, French Polynesia

4 Laboratoire d’Excellence ‘CORAIL’, Perpignan, France

This chapter has been published in Journal of Marine Science and Engineering. Additionally, sections of this
chapter have been used for an educational video on the MANEA platform: Portée de la biophonie vers le

large : cas d’étude d’un récif corallien.
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MAJOR RESULTS

Benthic invertebrate sounds

v The soundscape of the barrier reef of Moorea is characterized by a high number of broadband transient sounds between 3.5
and 17 kHz.

v" NoBTS was 8% greater at night in the 3.5-5.5 kHz band, 14% smaller at night in the 6—8 kHz band, and 5% smaller at night
m the 10-13 kHz band. It was smular between day and night in the 14—17 kHz band.

v" SPL and ANL of all BTS bands were significantly higher at night, with a 6.7 to 9.2 dB difference between 5 and 6 p.m.

Fish sounds

“

v The soundscape of the barrier reef of Moorea is characterized by fish sounds between 200 and 500 Hz.
v The frequency band between 200 and 500 Hz showed a diel pattern with higher sound pressure spectrum levels during the
day.

v The spectra in the 200-500 Hz band showed differences between day and night. A peak between 400 and 500 Hz was present
during the day for intense sounds and median sounds, while peaks between 250 and 280 Hz were observed at night for
intense sounds but not for median sounds.

|¢

Propagation distances

v Transmission loss (TL) estimates varied from —8.99 to —16.80 dB decade—1 for BTS, depending on noise levels and the
frequency band used.

v" The ANL of the BTS between 570 and 2000 Hz was detectable up to 55 km during the day and up to 90 km at night under
calm sea conditions. The distance of detection for fish chorus frequencies was found to be between 1322 m and 1501 m with
no wind.

v" Wind speed and ship traffic influenced the propagation distances of BTS bands.

A

Comparisons with audiograms

v Using audiograms of different taxa, we estimated that fish post-larvae and invertebrates likely hear the reef at distances up to
0.5 km.

v Post-larval reef fish have their best hearing sensitivity between 200 and 600 Hz. The detection distances are generally
smaller at night, except for species like M. kuntee, which can hear higher frequencies.

v Odontocetes have their maximum hearing sensitivity around 40 and 64 kHz. However, the frequency range that allows them
to perceive reef sounds from a greater distance is between 5.6 and 20 kHz. The maximal detection distances of median reef
sounds range from 7 - 9 km (day) to 15 - 19 km (night).

Key question for the objective of the thesis

What is the ‘mass-phenomena’ biophony and how it propagates into the open ocean?
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Abstract

The ability of different marine species to use acoustic cues to locate reefs is known, but the
maximal propagation distance of coral reef sounds is still unknown. Using drifting antennas
(made of a floater and an autonomous recorder connected to a hydrophone), six transects were
realized from the reef crest up to 10 km in the open ocean on Moorea Island (French Polynesia).
Benthic invertebrates were the major contributors to the ambient noise, producing acoustic mass
phenomena (3.5-5.5 kHz) that could propagate at more than 90 km under flat/calm sea
conditions and more than 50 km with an average wind regime of 6 knots. However, fish
choruses, with frequencies mainly between 200 and 500 Hz would not propagate at distances
greater than 2 km. These distances decreased with increasing wind or ship traffic. Using
audiograms of different taxa, we estimated that fish post-larvae and invertebrates likely hear
the reef at distances up to 0.5 km and some cetaceans would be able to detect reefs up to more
than 17 km. These results are an empirically based validation from an example reef and are
essential to understanding the effect of soundscape degradation on different zoological groups.
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1. Introduction

A soundscape is a collection of sounds composed of three acoustic sources: geophony,
anthrophony, and biophony that reflect important ecosystem processes and human ac-
tivities [240,241]. In the ocean, the biophony consists of sounds from marine fauna. Fish
[242] and invertebrate [243] sounds constitute the most persistent part and the majority of
coastal biophonies. Coral reefs are considered to be hotspots of biodiversity [244] and
acoustic hotspots [57,141]. In these environments, snapping shrimps tend to dominate reef
soundscapes at frequencies above 1 kHz [245], while a band attributed to damselfish is
found around 400 Hz [246]. Numerous studies have estimated that these soundscapes may
offer a reef orientation cue at relatively large distances [128,133,134], but there is a lack
of empiricalstudies on reef sound propagation. Measuring the distance over which reef sounds
propagate is necessary to determine their relative importance as cues for long-range orientation
and habitat choice. However, as reef soundscapes are composed of sounds of different
frequencies, they propagate over different distances. Since different species have different
hearing frequency ranges, the detection distance (the maximum distance at which a species
can perceive a sound above ambient background noise) does not automatically correspond to
the propagation distance (the maximum distance at which the ambient background noise
masks reef sounds) of the reef sound. The effective use of acoustic cues to detect the reef
requires (1) a loud reef soundscape, (2) low ambient noise (wind and boats), (3) hearing
ability in the relevant frequency bands and (4) sound localization.

Propagation and detection distances have been mainly assessed using theoretical
spreading models with distances varying from a few hundred meters to a few kilometers
[247-250]. In addition, some authors observed a so-called ‘reef effect’; i.e., sound levels
decrease more slowly than expected from a cylindrical spreading model over a distance
approximately equal to the length of the reef (= 20 km). The supporting reason is that the
reef sound is not located in a single point but results from a series of sources. The high
variability in the theoretically estimated propagation distances has highlighted the need to
conduct empirical measurements of the soundscape at different distances from areef [247].
Such empirical studies are fundamental for estimating the distances at which reef sounds can
be perceived by marine organisms because they can be useful for many taxa. Many species
of cetaceans are known to roam over great distances, for example betweenmating and
feeding areas [251,252]. As lighting conditions are often a constraint, water hasexcellent

sound transmission properties, so the sounds of biotic and abiotic origin can beexploited as
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acoustic cues for orientation [253]. The routes that cetaceans travel are, in fact, exposed to
elevated levels of biological and nonbiological ambient noise [254], and it has been
suggested that cetaceans use reef sounds for navigation [254,255].

Many fish species are also known to migrate between spawning and feeding areas [253] or
to have distinct migration cycles related to life stages [256]. In coral reefs, most marine
organisms (bryozoans, cnidaria, crustaceans, echinoderms, molluscs, polychaetes, sponges,
tunicates, teleosts, etc.) have structured life histories with two distinct stages: a relatively
benthic/sedentary stage on the reef (usually juveniles and adults), and a pelagic, dispersal
larval stage in the ocean [127]. While some species are known to disperse to a maximum of
hundreds of meters, other species would travel up to hundreds of kilometers [257]. Their
dispersal depends both on hydrodynamic processes and on species-specific behavioral
responses to environmental cues [258]. One of the greatest challenges faced by these organ-
isms is relocation to the patchily distributed reef habitats in a vast oceanic matrix once they
are ready to transition to demersal habitat [128]. For effective orientation, animals require cues
that are heterogeneous in the environment and contain reliable information about potential
settlement sites [135,259]. These potential cues include vision [129], olfaction [127,130—-
132], sounds emanating from reefs [128,133,134], differences in wind- or wave-induced
turbulence [127], gradients in abundance of fish, plankton or reef detritus [127] or a
combination of several of them [135-137]. Many of these cues, such as vision, are effective
only at small distances from the reef [260—262] (a few tens of meters) [127], whereas sounds
from the reef (e.g., from benthic invertebrates and fish) are potential cues for larval orientation
over long distances. They are thought to assist pelagic larvae of cnidaria [263-265], mollusks
[266,267] , crustaceans [268-270] and fish [271-276] to locate and orient toward settlement
habitat. However, the distances over which pelagic individuals can detect and localize sounds
from reefs are still unassessed [247]. A first set of theoretical approaches calculated the
distances of detection to be less than 1 km [247] to more than 5 km depending on the hearing
ability of the studied species [248,249]. Other studies suggested a distance of detection of 20
km based on the audiogram of a Pomacentridae species on rocky habitats of New Zealand
[271].

The aims of the present study are to describe the biophony (sounds of fish and benthic
invertebrates) of the barrier reef at Moorea Island (French Polynesia) to (1) measure its
propagation distance in the ocean empirically, (2) describe how abiotic and anthropic factors
interfere with it and (3) estimate the detection distance based on known audiograms.
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2. Materials and methods
2.1. Sampling

Data sampling was conducted 13 — 17 May 2016, on the north coast of Moorea (French
Polynesia) (17.5 S, 149.9 W, Figure 24). Recordings were realized with drifting antennas

made of a floater and an autonomous EA-SDA14 recorder (RTSys®, Caudan, France)
connected to a wideband low-noise HTI-92 hydrophone (High Tech Inc., Long Beach,
MS, USA) with a sensitivity of —155+ 3 dB re 1 V pPa ! and a flat frequency response from
2 Hz to 50 kHz. It was placed on a vertical rope at =5 m from the surface to minimize sea-
surface noise. Sounds were acquired continuously at a 156 kHz sampling rate and 32 bits
resolution. Six transects were realized during daytime (8:30 AM — 5:30 PM) with recordings
of approximately 600 s duration recorded at 50, 100, 200, 400, 600, 800, 1500, 2000, 3000,
4000, 5000, 7000, and 10,000 m from the reef crest; i.e., a total of 78 stations corresponding to
13 h of recordings (Figure 24). The mean depth varied from 9 to 2580 m. Water depth was
measured for each transect using a portable echosounder. These data were completed with
bathymetric data obtained from the French Naval Hydrographic and Oceanographic Service
(reference: LOTS BATHY S201208100-08, SHOM, France).

Broadband ANL for
the band 3.5 -5.5
Hz
(dB re 1pPa)
Ms42-87.0
1187.0-893

89.3-89.7
89.7-91.2
91.2-91.9
91.9-93.8
93.8-94.8
94.8 -96.7
W o6.7-104.2
M 1042 -106.1

Figure 24 Distribution of the ambient noise level (ANL) of the broadband transient sounds (BTS) between
3.5and 5.5 kHz on (A) the 40 stations and (B) zoom of the proximal part of the transects. Color scale indicates
ambient noise levels.

GPS positions of the drifting antennas were recorded both when they were deployed and
when they were recovered. The drift distances were not uniform, but the error caused by the
uncertainty of the hydrophone position due to drift was inferior to 1.8 dB for all the data. In
addition, to record the diel variability of the biophony during the recording period, a fixed

recording station, composed of the same type of recorder and hydrophone, was bottom-moored
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on the external slope, at a depth = 12 m and 127 m distant from the reef crest on the same dates

as the transects.
2.2. Analyses

The recordings were visually and aurally inspected with RavenPro Sound Analysis
Software 1.5 (Cornell Lab of Ornithology, Ithaca, NY, USA). Only transect stations with low
noise levels from buoy strumming (e.g., not in the presence of high swells) were considered
(40 out of 79). For each of the selected stations, only sections without boat noises were

analysed. Long-term spectrograms, sound pressure spectrum levels and graphics were

realized with custom-made Matlab® R2014b routines (MathWorks, Natick, MA, USA).

2.3. Benthic invertebrate sounds

To assess the temporal variability of the benthic invertebrate biophony (the sum of the many
isolated broadband transient sounds (BTS) produced by benthic invertebrates [277] (Figure
25A) recordings from the fixed station were analysed (Figure 24 and Figure 25). BTS were
grouped into four frequency ‘bands’ (3.5-5.5 kHz, 6-8 kHz, 10-13 kHz and 14-17 kHz).
These bands were chosen based on peaks in 24 h power spectra. An automatic BTS detector
(see [278] for details of the algorithm) was run for each of the selected bands. In addition to
the four bands, the same algorithm was run on the BTS between 570 and 2000 Hz, because
these frequencies corresponded to sounds that appeared to be more attractive to larvae of
different fish families [259]. The three features calculated were the number of detected BTS
(NoBTS) having a minimal signal-to-noise ratio (SNR) of 10 dB, the peak-to-peak sound
pressure level (SPL), and the ambient noise level (ANL), both in dB re 1 pPa for each band
(Figure 25A). The ANL is the background SPL modelled with a y? distribution on the 20%"
percentile (cf. [279] for the definition and [280] for the formula). It represented the overall
energy of distant BTS emanating from the reef without the discriminable near sources of
high- energetic BTS. The SPL is the sum of both discriminable near sources of the
biophony and the ANL. Wenz’s ambient noise curves [5], calculated on the same bands as
the BTS, were superposed to the sound levels to estimate attenuation due to wind regime
or ship traffic [201]. The flat sea state condition corresponded to a wind speed of 0 kn
while the average condition corresponded to 6 kn; that is, the average wind speed of the
study area (annual mean at the Tahiti Island meteorological station between 2008 and 2019).
To compare the different acoustic features between day and night recordings of the fixed
station at the barrier reef, Student’s t-tests were realized using the R software version 3.3.0.
(R Core Team, 2016).
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Figure 25 Description of the acoustic features for (A) benthic invertebrates sounds (for each BTS band) and
(B) fish sounds (200-500 Hz). In blue: nearby sources producing loud and short discriminable near sources of the
biophony’s energy peaks; in red, a collection of a large number of distant unidentified sources producing a
background chorus. SPL = Sound Pressure Level, pp = peak to peak, NoBTS = number of broadband transient
sounds, ANL = ambient noise level, Q = percentile, with Qo .05 = 5% faintest sounds, Qos0 = median levels, Qo9 =
10% loudest sounds and Qo.9s = 5% loudest sounds.

2.4. Fish Sounds

To characterize fish sounds, the mean sound pressure level of the frequency band
comprised between 200 and 500 Hz was analysed because it corresponded to the frequency
band in which a fish chorus [58,281] was present. The features measured were the spectral
ANL, the 50" percentile (Qoso), the 90" percentile (Qog0) (representative of the 10%
loudest sounds), and discriminable near sources of the biophony, represented as the 90"
percentile with 10 dB above the Wenz background noise (Qo.00 —10) in dB re 1 yPa? Hz'*
(Figure 25B). Wenz’s ambient noise spectra were superposed to the calculated spectra [201]
to estimate the wind- or shipping noise-dependent effect on reef sound propagation. To
compare the different acoustic features between day and night recordings of the fixed
station at the barrier reef, Mann-Whitney U tests were conducted using the R software
version 3.3.0. (R Core Team, 2016).

2.5. Propagation distances of reef sounds

To account for complex local conditions of propagation near the shore, logarithmic
linear regressions were obtained from sound levels measured in situ from the reef up to
10 km offshore asy =a logio r + b for r <10 km. Sounds below 200 Hz were affected by
the strumming noise produced by the drifting systems and were not considered. Distances
between locations of the drifting recording devices and the reef crest were measured using
QGIS 2.14.3 (Open Source Geospatial Foundation Project).

For distances greater than 10 km, a theorical cylindrical propagation loss (= transmission
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loss, TL) was calculated from 10 km to range r, with TL =10 log (r - ro %) +a (r-ro) for r
>10 km and ro = 10 km. The attenuation of sound in seawater (o in dB km_i) was calculated

using the model of Ainslie and McColm [282] to fit the average temperature of 26 °C.
Reference values were used for the pH and salinity (pH = 8; S = 35) [282]. This
propagation model was chosen because the majority of the regression equations for
distances shorter than 10 km were closer to a cylindrical than a spherical propagation
(Table SP3 - 2). The difference between day and night recordings of the fixed station were

used to infer the difference between diurnal and nocturnal propagation.
2.6. Comparisons with audiograms

Regressions of the biophony reef spectra against distance from the reef (Table SP3 - 2)
were compared to audiograms from cetaceans, invertebrates and (post-)larval fish in the
literature. Polynesian coral reef species were used except when little data were available,in
which case we used audiograms reported for other species (e.g., Stenella coeruleoalba was
used instead of the one of S. longirostris). Values in particle motion from the literature were
converted to pressure values assuming a plane-wave propagation [283]. To compare
audiogram values at one given frequency (dB re 1 pPa) to the spectra (dB re 1 pPa? Hz?), it
was necessary to adjust the audiogram thresholds [284] by lowering them by 10 logio (critical
bandwidth, CBW) [285,286] with CBW estimated to 10% of the center frequency as in
Egner and Mann 2005. According to the literature [287,288], for both fish and invertebrates,a
correction factor of 10 to 30 dB was applied to compare methods. In contrast, in cetaceans,the
results of the different methods were comparable [289]. The biophony spectra used were
the 90" percentile (Qo.g0, the 10% loudest sounds), the 50" percentile (the median) and the
ANL on the basis of the regressions (calculated on each frequency used in the audiograms,
Figure 25B). When propagation distances were beyond 10 km (i.e., the greatest distance at
which recordings were acquired), the theoretical TL model was used with an a calculated for
each frequency of the audiograms. The distances obtained were compared to the background

noise of the Wenz model.
3. Results

The soundscape of the barrier reef of Moorea was characterized by fish sounds between200
and 500 Hz and by a high number of broadband transient sounds (NoBTS) between 3.5 and
17 kHz (Figure 26).
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Figure 26 Spectrograms of the soundscapes recorded at different distances from the reef. (A) and (B)
illustrate subsections of spectrogram (C) highlighting (A) invertebrate and (B) fish sounds. C was recorded at 138
+ 11 m from the reef, (D) 964 + 138 m, (E) 3896 + 3 m, and (F) 9866 + 43 m from the reef crest. For A and B:
LFFT = 16,384, overlap = 75%, window = Kaiser. For C, D, E and F: LFFT = 65,536, overlap = 50%, window =
Kaiser.

3.1. Benthic invertebrate sounds
The NoBTS ranged from 106 + 6 (mean £ SD) per second in the 3.5-5.5 kHz band; 96

+ 9 per second in the 6 — 8 kHz; 86 + 4 in the 10 — 13 kHz and 83 + 3 in the 14-17 kHz. The
NoBTS was 8% greater during the night for the band 3.5-5.5 kHz (A = 8.12, t = -5.64,df =

73



23, P < 107, Student’s t-test), 14% and 5% smaller during the night within the band 6-8 kHz
(A=14.05,t=7.67,df =23, P < 10°%, Student’s t-test) and the band 10-13 kHz respectively
(A=4.42,t=3.15,df =22, P =0.0046, Student’s t-test), and similar for the band 14-17 kHz
(t=0.59, df = 23, P = 0.56, Student’s t-test, Figure 26A and Figure 27).
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Figure 27 Power spectral density at the fixed recording station at —12 m depth and 127 m distance from the
reef crest at (A) 2 PM and (B) midnight. In dashed grey, percentiles Qo.01 and Qo.g9; in black, percentiles Qo.10
and Qo.90; in bold blue, the median Qo.s0 and in red, Wenz background noise for wind speeds between 0 and 30 kn
and ship traffic index between 1 and 7. (C) Diel pattern of sound pressure level (SPL) and ambient noise level
(ANL) (left scale) for benthic BTS bands (3.5-5.5 kHz, 6-8 kHz, 10-13 kHz and 14-17 kHz) highlighted
respectively in black, green, red, and blue non-dashed lines, also highlighted in the vertical rectangles in (A) and
(B). Diel pattern of Qos0 and Qo.g0 of power spectral density (ySPL) (right scale) for the frequency band between
200 and 500 Hz corresponding to the daytime fish chorus highlighted in orange (dashed lines).

The SPL and ANL of all the bands of BTS were significantly higher during the night
(for all: t < —16.79, 20 < df < 23, P < 10°%, Student’s t-test) with a 6.7 to 9.2 dB difference
between 5 and 6 PM (Figure 27C). This means that sounds were four to eight times louder
at dusk. There was a peak at dusk and dawn with a higher difference between dayand night
for BTS in the 3.5-5.5 Hz band (SPL: 126.90 + 0.86 dB re 1 pPa during the day and
133.72 + 0.88 dB re 1 pPa during the night) (Figure 27C). The SPL and the ANL of the
6—8 kHz band were always smaller than those of the other bands (Figure 27C).

3.2. Fish sounds

The band between 200 and 500 Hz presented a diel pattern with higher values of sound

pressure spectrum level during the day: Qoso = 66.02 + 1.74 dB re 1 puPa? Hz* (day) and
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55.92 + 2.40 dB re 1 pPa? Hz ! (night); Qo.g0 = 72.58 + 2.29 dB re 1 pPa? Hz ! (day), and
65.76 + 2.12 dB re 1 pPa? Hz ! (night) (W = 918 and 901; both P < 10°, Mann—Whitney
U test for Qo.s0; Figure 27). The spectra presented differences between day and night: a peak
between 400 and 500 Hz was present during the day both for intense (percentile Qo.99) and
median sounds (Qo.s0), While during the night, peaks were always observed between 250
and 280 Hz for Qo9 and were never observed for Qoso (Figure 27) Other peaks were
punctually observed at dusk and dawn, especially for lower frequencies. This suggests

that vocal species produce sounds with different diel patterns.
3.3. Propagation distances of reef sounds

A decrease of the sound spectrum level from the shore to the open ocean was observed for
sounds between 200 and 70,000 Hz (Figure 24 and Figure 26). ANL and SPL of BTS showed
a constant logarithmic decrease with distance from the reef crest (Figure 28A). From the slope
of the regressions, TL was estimated to vary from —8.99 to —16.80 dB decade™* (a decade
corresponds to a factor-of-ten increase) for BTS depending on the noise levels (i.e., SPL or
ANL) and the band of BTS used (Table 2). There was a positive relationship between TL
and frequency except for frequencies between 600 and 2100 Hz, for which a decrease in TL
was observed. At 10 km, the measured ANL of the four bands of BTS was between 70 and
86 dB re 1 uPa and the SPL between 93 and 107 dB re 1 pPa (Figure 28).
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Figure 28 In situ measurements and subsequent modelled regression. (A) In situ measurements of the sound
pressure level (SPL) and ambient noise level (ANL) for the band 3.5-5.5 kHz for each of the six transects up to
10 km. (B) Logarithmic regression with a modelled propagation loss (= transmission loss, TL): TL =
101log (r - ryt) +a(r — ro) withrg =10 kmand a = 0.274 dB km™ for distances beyond 10 km. In red, Wenz
background noise for wind speeds between 0 and 18 kn (from bottom to top: 0, 3, 6, 9, 12, 15 and 18 kn).
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Table 2 Regressions of broadband transient sounds (BTS) levels (dB re 1 pPa) at 1 m and 10 km from the
reef crest for the ambient noise level (ANL) and the sound pressure level (SPL). Equations correspond to
propagation loss regression equations assessed form the empirical data.

. Valueatlm Valueat 10 km A night
2
Band (kHz) Feature Equation R (dB re 1 uPa)
ANL YT é‘;gwx * 0.85 121.97 86.01 7.92
3.5-55 y =—10.01 logrox
SPL e 0.83 147.23 107.19 6.81
ANL y= :1;).2212718g10x 0.88 121.79 80.91 6.73
6-8 - 113
SPL y= :i;g;ggwx 0.84 146.72 102.20 5.60
ANL YT DA eeX g 130.29 74.93 6.22
10-13 1450
SPL Ym0 loguox 0.93 155.64 97.64 5.72
ANL YT 1042 Jomox 0.96 135.74 70.06 6.2
14-17 e
L e 0% 160.45 93.25 5.71

At 10 km, the ANL of the dominant BTS band 3.5-5.5 Hz was 86.01 dB re 1 pPa
(Table 2). Its estimated propagation range was 65 km under a low wind regime (0 kn) and
decreased to 28 km with a 6 kn wind (Figure 28). During the day, the SPL of the BTS in
the 3.5-5.5 kHz band under 0 kn wind conditions was 10 dB re 1 pPa above the
background noise and detectable by hydrophone at 101 km. During the night, the intensity
of these BTS was higher. Consequently, the estimated distances were higher: 90 km for
the ANL under flat-sea conditions and 54 km with a 6 kn wind.

Propagation distances decreased with increasing BTS frequency band (Table 3). The
ANL of the BTS between 570 and 2000 Hz (the band described to be attractive to fish
larvae [259]) was detectable up to 55 km (day) and up to 90 km (night) with 0 kn of wind
and to 0.9 km (day) and 3.4 km (night) with an average wind speed of 6 kn. Similar results
were obtained for the spectral density values (Table 2) except for the 570-2000 Hz band.
Propagation distances of all analysed BTS bands were likely poorly affected by ship traffic.
In fact, based on Wenz’s ship traffic spectra, if the index increased from 0 to 2, the ANL of
the 570-2000 Hz band decreased by less than 1% (Figure 29) while with an index of 6, the
ANL decreased by 50% (Figure 29A).
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Table 3 Distance of detection (km) of the investigated Broadband Transient Sounds (BTS) frequency bands
at day and night under different wind regimes as reported by Wenz (1962). ANL = ambient noise level, SPL
= sound pressure level, both measured in dB re 1 pPa, kn = knot. YANL, yQo.s0 = 50" percentile and yQo.g0 = 90™
percentile, measured as dB re 1 pPa? Hz* from the power spectra.

Distance from the Reef Crest (km)

Day Night

(I?(?_r']g Feature 0 kn 3kn 6 kn 9kn 12 kn 0 kn 3kn 6 kn 9kn 12 kn

ANL 65 39 28 20 13 90 65 54 46 39

SPL 134 108 97 90 82 156 130 120 111 104

3555 SPL-10 101 75 65 56 50 123 97 87 79 72

' ) YANL 59 33 22 15 8.4 81 55 45 36 30

vQ0.50 54 28 18 9.8 6.0 76 50 39 31 24

vQ0.90 71 46 35 27 20 92 66 56 47 40

ANL 43 26 19 13 <10 58 40 33 28 23

SPL 90 12 65 60 55 102 84 77 12 67

6.8 SPL-10 68 50 43 38 33 80 63 55 50 45

YANL 40 22 15 9.7 7.0 52 35 27 22 17

vQ0.50 36 19 12 6.1 4.4 48 31 24 18 14

vQ0.90 48 30 23 18 13 59 42 35 29 25

ANL 23 14 <10 <10 <10 31 21 17 14 12

SPL 50 41 37 34 31 57 48 44 41 38

10-13 SPL-10 38 29 25 22 19 45 36 32 29 26
YANL 21 12 7.5 5.0 3.5 28 18 15 12 <10

vQ0.50 19 10 59 4.0 2.8 26 17 13 <10 <10

vQ0.90 26 16 13 9.6 6.9 32 23 19 16 14

ANL 16 10 <10 <10 <10 21 15 13 11 <10

SPL 34 28 26 24 22 38 32 30 28 26

1417 SPL-10 26 20 18 16 14 31 25 22 20 19
YANL 15 9.0 5.7 4.0 3.0 20 14 11 <10 <10

vQ0.50 14 7.4 4.7 3.3 2.5 19 13 10 <10 <10

vQ0.90 19 13 10 7.5 5.6 23 17 14 13 11
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Figure 29 Detection distances as a function of the wind in knots of (A) the discriminable near sources of the
biophony represented as the 90t percentile with 10 dB above the Wenz background noise (Qo.go - 10)
between 570 and 2000 Hz and (B) fish ambient noise level (ANL). The solid line is without considering boats
and dashed lines are when considering ship traffic from the Wenz model; each colour corresponds to a ship traffic
regime also numbered from 1 (upper line) to 7 (bottom line).
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Diurnal fish sounds (between 200 and 500 Hz) presented a logarithmic decrease inboth
ANL and Qoso, Uup to 1 km from the reef crest. Between 1 and 10 km, a logarithmic
decrease of the sound pressure spectrum level was observed only in calm sea conditions.
In presence of high swells up to 2 m, the sound pressure spectrum level of the transects
was higher because it included hydrodynamic noises. Therefore, only transects under a
calm sea state were used for the analyses (40 out of 79). This result indicated a limitation
of the drifting method for low-frequency sounds in the presence of a significant swell. For
the flattest sea-state transect, the distance of detection of the fish chorus frequencies (200—
500 Hz) was found between 1322 m (for Qoso) and 1501 m (for ANL) with no wind (y =
—13.00 logio X +91.82, R? = 0.96, for Qo.s0, and y = —13.42 logio x + 93.87, R? = 0.95, for
ANL; between the crest and 2 km, Table SP3 - 1). The 10% loudest sounds (Qo.00) were
detected at 3.5 km from the crest and discriminable near sources of the biophony (Qo.g0 with
10 dB above the Wenz background noise, named Qo.g0—10) at 793 m front the crest (y =—14.62
log1o x +103.63, R? = 0.94 between the crest and 1 km on the descending portions of all the

transects, Table SP3 - 1). Propagation distance decreased by a factor =4 (for Qo.s0 & ANL)
or 3.5 (for Qo.90) with a 3 kn increase in wind speed (Table SP3 - 1). With an average wind
speed of 6 kn, these four distances decreased to 180, 217, 654 and 134 m for Qo.s0, ANL,
Qo.90 and Qo.90—10 respectively. Under no-wind conditions, the increase of the level of
Wenz’s ship traffic index from 1 to 2 decreased the distance between 187 and 207 m (for
Qos0 & ANL) and 491 to 102 m (for Qo.90 and Qo.00-10); however, this decrease was less
important when wind speeds were higher as there was a combined effect of wind and boats
on detection distance during the day (Figure 29B, Table SP3 - 1).

3.4. Comparisons with audiograms: fish

In post-larval reef fish, audiograms based on sound pressure showed that the best hearing
sensitivity is between 200 and 600 Hz [249,284,287,290-292]. The frequencies that allowed
them to hear the reef from the greatest distance during daytime were in the same frequency
range. Based on the audiograms (SPL) of post-larval reef fish [249,284,287,288,290-292], the
estimated detection distances ranged from 0 to 65 m (median) and 80 m (ANL) for the six
species of Pomacentridae, 8 to 336 m (median) and 11 to 401 m (ANL) for Myripristis kuntee
(Holocentridae); 4 to 191 m (median) and 6 to 234 m (ANL) for Acanthurus triostegus
(Acanthuridae); 23 to 455 m (median) and 28 to 560 m (ANL) for Chaetodon citrinellus
(Chaetodontidae); 19 to 392 m (median) and 24 to 482 m (ANL) for Rhinecanthus aculeatus
(Balistidae) and 0 to 4-5 m for the two Lutjanidae and the four Serranidae species analyzed
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Figure 30 Audiograms compared to spectrum level of ambient noise level (ANL) at different distances from
the barrier reef for (A) fish post-larvae and (B) cetaceans. Solid blue line: measured ANL on one of the six
transects; from top to bottom: at 138, 476, 964, 2134, 3896, 6831, 9866 m from the reef crest. Dashed black line:
Wenz’s ambient noise curves; from bottom to top: 0, 3, 6,9, 12, 15 and 18 kn of wind. Equivalent threshold (for
details of the transformations, see Table SP3 - 3). (A) Red: Myripristis kuntee, green: Abudefduf vaigiensis, yellow:
Acanthurus triostegus, magenta: Chaetodon citrinellus and cyan: Rhinecanthus aculeatus; (B) Red: Stenella
coeruleoalba, green: Mesoplodon densirostris and yellow: Globicephala macrorhynchus [292-295].
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Figure 31 (A) Maximal distance of detection of the ambient noise level (ANL) of the fish chorus (200-500
Hz) and benthic invertebrate (3.5-5.5 kHz) bands and (B) maximal distance of detection of the ANL of the
reef by different species from the literature. From bottom to top: fish (Pomacentridae, Balistidae, Holocentridae,
Acanthuridae, Chaetodontidae, Lutjanidae and Serranidae), cetaceans (Stenella, Mesoplodon and Globicephala)
and invertebrates (squid Loligo, shrimp Palaemon and crab Ovalipes). See Table SP3 - 3 for details of the
individuals used. Light grey = diurnal values, black = nocturnal values, dark grey = overlap between diurnal and
nocturnal values. Hatched parts correspond to values possible only when the wind is less than 6 knots, the average
speed in Polynesia). The red box is an example to show how to read the figure.

(Figure 27, Table SP3 - 2, and Table SP3 - 3). These distances were smaller during the
night except for species such as M. kuntee, which are able to hear higher frequencies (Figure
30 and Figure 31).For this species, frequencies between 2.7 and 3 kHz were the ones showing
the greatest detection distances ranging from 2 to 337 m (median) and from 3 to 498 m for
the ANL.For fish, the detection of low frequencies 300 and 600 Hz was limited by ambient
noise values, as maximal detection distances both at day and night for an average wind of
6 kn can decrease up to 54% (Figure 30 and Figure 31).

However, for the majority of fish species, particle motion seems to be more appropriate for
evaluating hearing thresholds [296]. As only little is known about particle motion
perception on fish post-larvae, adult thresholds [297—299] were also used for comparisons
with soundscape data (particle motion thresholds converted to pressure thresholds) as
assumed in several studies [271,297]. Distances below 13 m were found for all the considered
species except for the temperate Sciaena umbra (Sciaenidae): 13 to 344 m (median) and 16 to
430 m (ANL) at 500 Hz (maximum 217 and 271 if there are 6 kn of wind). For adult fish
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hearing specialist species, these distances are higher; for example, Pempheris adspersa
(Pempheridae) could detect the pressure component of the reef at 49 to 1389 m (median) and
59 to 1710 m (ANL) (maximum 207 and 258 m in a 6 kn wind).

3.5. Comparisons with audiograms: cetaceans

Odontocetes have their maximum hearing sensitivity around 40 and 64 kHz [293-295].
However, the audiogram comparison [293-295] indicated that the frequency range that would
allow them to perceive reef sounds from a greater distance is between 5.6 and 20 kHz
(Figure 30). The maximal detection distance of the median reef sounds (Qo.50) ranged
between 7.6 km (day) and 15.9 km (night) for the striped dolphin Stenella coeruleoalba, while
the ambient noise level (ANL) emanating from the reef could be heard up to 9.2 km (day) to
19.0 km (night) (Figure 30 and Figure 31). With an average wind of 6 kn, diurnal values
decreasedto 4.5 km and 5.5 km while nocturnal values did not change (Figure 31). Similar
results were obtained for the Blainville’s beaked whale Mesoplodon densirostris (median:
6.4 km (5.8 km if 6 kn of wind (day)) to 17.5 km (night); ANL: 8.2 km (7.3 km if 6 kn
of wind (day)) to 21.8 km (night)) while smaller maximum distances were estimated for the
short- finned pilot whale Globicephala macrorhynchus [median: 0.5 to 2.2 km (day) to 1.1 to
4.5 km (night); ANL: 0.6 to 2.6 km (day) to 1.3 to 5.3 km (night)] (Figure 27B, Table SP3 -
2, and Table SP3 - 3). In contrast to odontocetes, mysticetes are sensitive to lower frequencies,
around 0.7 to 10 kHz with best values between 2 and 6 kHz [300]. However, as the exact
auditory sensitivity of mysticetes is unknown (the frequency range is based on a mathematical
function describing frequency sensitivity by the position along the basilar membrane coupled

with data from other mammals [300]), detection range estimates could not be calculated.
3.6. Comparisons with audiograms: invertebrates

To the best of our knowledge, there are no available audiograms of post-larval marine
invertebrates. Based on audiograms of adult individuals from the literature [301-306],
different detection distances were estimated: some species such as Panopeus spp. crabs could
perceive reef sounds with a maximal detection distance smaller than 1 m. Other species
such as the crab Ovalipes catharus likely attained higher maximal detection distances at high
frequencies (2000 Hz) and during the night (median: 0-21 m, ANL: 0-31 m) (Figure 31). For
cephalopods, the maximal detection distances were found for lower frequencies between 200
and 600 Hz. These distances were estimated between 0 and 59 m. Finally, some species such
as the prawn Palaemon serratus were likely capable of detecting reef sounds at 4-159 m
(median) and 5-195 m (ANL) at 300 Hz during the day (Figure 31). During the night, maximal

81



distances could be achieved for higher frequencies (3 kHz; between 1 and 121 m) (Figure
27B, Table SP3 - 2, and Table SP3 - 3).

4. Discussion
4.1. Diel pattern

Sounds emitted by coral reefs are complex signals since they are generated by numer- ous
species and affected by physical processes [247]. The source level of the barrier reef of
Moorea (SPL at 1 m) was estimated to be 147 dB re 1 pPa for the most energetic frequency
band 3.5-5.5 kHz and was of 136 dB re 1 pPa for larger BTS band (1-70 kHz). These values
are within the range of source levels usually found in coral reefs [81] and healthy temperate
rocky reefs [277]. In this study, there was an increase in low frequency sounds emitted by
fish (200-500 Hz) during the day and an increase of high frequencies emitted by benthic
invertebrates (3.5-5.5 kHz) during the night. Moreover, a peak in this higher frequency
band was observed at both dawn and dusk. Similar diel patterns have been previously
described from Polynesian [141,156] and non-Polynesian coral reefs [246,307].

4.2. Propagation distances

Inthe literature, the estimation of the propagation distances of biogenic reef soundsvaries
greatly according to the use of a spherical or cylindrical spreading model [308]. Moreover,
different studies [271,308] assumed, without experimental demonstration, that acoustic
cues could be detected at several tens of kilometers (see Mann et al. (2007) and Kaplan and
Mooney (2016) for exceptions). Therefore, measurements of sound fields at different
distances from the reef were required to establish an empirical propagation model based on in
situ noise measurements [247]. This was the scope of this study. We showed that sound
pressure and ambient noise levels decreased linearly. Transmission losses up to 10 km from the
reef crest were intermediate between values from cylindrical and spherical models. On average,
transmission losses up to 10 km from the reef crest varied between —9 and —17 dB decade ™,
depending on the source level and frequency band. The differences between these empirically
estimated transmission losses and the ones of cylindrical or spherical models were likely a
consequence of the acoustic reef effect [271]. This effect is observed because the recorder
placed near the reef mainly records the nearby sounds, whereas a hydrophone placed

further away from the reef records sounds coming from a larger portion of the reef.

Based on the empirical models, we found distinct propagation distances according to the
nature of the sounds that form the reef soundscapes, i.e., fish choruses or the sum of
broadband transient sounds (BTS). BTS from Moorea reefs (band: 3.5-5.5 kHz, ambient noise
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level) at 65 km (day) propagated up to 90 km (night) in optimal sea state conditions. In
comparison, for the lower frequency band corresponding to fish choruses (200-500 Hz,
spectral ambient noise level), the propagation distance in optimal sea state conditions was
1.5 km. These empirically assessed propagation distances are necessary to understand how the
species could use reef sound and to provide a first prediction of detection distance of sounds

by marine organisms.
4.3. Wind and anthropogenic noise

In the ocean off Moorea reef, with an average wind regime of 6 kn, propagation
distances of BTS (band: 3.5-5.5 kHz, ANL) decreased by a factor between 2.3 (day) and
1.7 (night) while fish sounds (200-500 Hz, spectral ANL) propagation distances decreased by
a factor of 6.9 compared to optimal sea state conditions. Propagation distances with a
Wenz’s ship traffic index of 2 decreased by less than 1% for BTS (band: 3.5-5.5 kHz,
ANL)and of a factor of 8 for fish sounds (200-500 Hz, spectral ANL). Moreover, the fact
that the fish chorus occurred during the day, when vessel traffic and noise is highest,
impliesa greater impact on the propagation distances of the low-frequency component of
the reef’s biophony. The quantification of this influence is important because previous studies
have shown that soundscape degradation by boat noise can reduce settlement success in
different larvae of coral reef fish [212,213]. Increases in ambient background noise levels
caused by wind speed or anthropogenic noise may also interfere with the localization of
suitable habitats as they reduce the intensity of natural reef sound that limits or impairs

perception by marine organisms [309].
4.4. Comparisons with audiograms

Detection distances of reef sounds do, however, depend not only on geophysical or
bathymetric conditions that affect propagation loss and on background noise masking, but
also on the hearing sensitivity of the animal (e.g., auditory threshold) and the sensory
mechanisms of signal perception that determine the ability of aurally detecting reef sounds
from the ocean (e.g., critical bands). These distances are automatically lower than propaga-
tion distances. In our study, comparisons with audiograms indicated detection distances of less
than 22 km for odontocetes and less than 0.5 km for fish post-larvae and invertebrates. The
detection distances for fish reported here are in accordance with a previous study on the
damselfish Abudefduf saxatilis (Pomacentridae), where Egner & Mann (2005) have estimated
that reef sounds from the Great Barrier Reef can be aurally detected at a distance between
0.54 km and 2.15 km [284].
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Previous studies, based on soundscapes recorded in New Zealand temperate waters,
suggested greater detection distances up to 50 km [271]. The soundscapes of the two
environments showed important differences. Typical soundscapes of New Zealand rocky reefs
have peak intensities between 1 and 1.9 kHz [65]. These peaks are generally absent in coral
reefs soundscapes [141,156,246,307] where they usually occupy frequencies between 3
and 6 kHz. As these peaks in temperate water are within the audible range of several of species
of fish, cetaceans, and invertebrates, they likely affect detection distances.

The uncertainty in estimating the detection distance of numerous species is largely the
result of a lack of information on their hearing abilities. Although fish and invertebrate species
use particle motion and to some extent sound pressure, current audiograms are mainly based
on sound pressure [298] and few studies described the contribution of direct particle motion
and pressure detection separately in the auditory response [298,310,311]. In Hawaii, Kaplan
and Mooney (2016) measured reef particle acceleration in the field. Average levels were found
to be generally below these published hearing thresholds, meaning that particle motion may
not play a major role as long-range orientation and settlement cue [307]. Because particle
motion will attenuate more rapidly than acoustic pressure and is therefore not as likely to
propagate as far as acoustic pressure, the estimated distances should likely be considered
maximal values. Nevertheless, discriminable near sources of the biophony that exceed the
mean ambient noise values, may also play a role in reef detection [307]. For example, when
considering SPL of high-energetic BTS (3.5-5.5 kHz), propagation distances increased by a
factor of 1.6 to 2.1 (day) and 1.4 to 1.7 (night) under flat sea state conditions.

Not only larvae use reef sound to detect suitable habitats. In the 1960s, Norris speculated
that migrating cetaceans could use consistent sound sources as acoustic marks [312].
Subsequent observations showed that cetaceans may use the sound of snapping shrimp to
orient themselves toward shallow water [254]. Depending on the species’ audiograms and
wind regimes, we found maximal detection distances for odontocetes (Globicephala
macrorhynchus, Mesoplodon densirostris, and Stenella coeruleoalba) in a range from 2
to 22 km for sounds between 5.6 and 20 kHz, which represents the frequency range of
best hearing for reef sounds. In odontocetes, maximum hearing sensitivities between 34
and 55 dB re 1 pPa are found between 3 and 35 kHz and between 30 and 110 kHz [3].
Consequently, cetaceans are able to hear higher frequencies than fish and their frequency
range of audition overlaps with the intense BTS emitted by benthic invertebrates from the coral
reef, which are the ones for which we reported the greatest propagation distances (up to 20

km). Although the attenuation in seawater increases with increasing frequency (e.g., a =
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0.005 dB km ™ at 300 Hz vs. a= 0.3 dB km™* at 4.5 kHz), ambient noise is naturally lower
at high frequencies (e.g., 51 dB re 1 pPa? Hz ! at 300 Hz vs. 36 dB re 1 uPa? Hz! at 4.5
kHz; both with a wind regime of 0 kn). As a consequence, detection distances are higher
for cetaceans than for fish and invertebrates. To which extent different species of cetaceans
use reef sounds for orientation remains unknown [253]. But considering their responses to
playbacks of biological and industrial sounds [309] and considering their hearing abilities, it
constitutes an interesting subject for investigation.

5. Conclusions

In conclusion, Moorea reef biophony can propagate up to 90 km from the coast, but
depending on the species and life stage, maximal detection distances range from less than
0.5 km to 22 km. Furthermore, these distances can be reduced if reef noise is masked by
meteorological conditions and anthropic noise. Therefore, the reduction of the distance of
detection both by changing the soundscape or by masking can directly affect a variety of

biological processes and reduce habitat sustainability.
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MAJOR RESULTS

Depth variability

v" All acoustic features were significantly influenced by depth.
v" Frequency features variability was higher in MCEs.
v The highest power spectral density value, the number of BTS, and their SPL decreased with increasing depth.

|¢

Link between BTS and benthic cover

v BTS peak frequency appears to be associated to features such as non-encrusting sponges, sand, hydroids, sessile
invertebrates, black coral and gorgonians, as well as to greater depths.

v' Other features such as BTS SPL and PSD features were grouped together and associated with features such as macroalgae,
scleractinian, and dead coral.

v' NoBTS tended to be associated with shallow reefs. It reflects the lower benthic activity observed in deep mesophotic reefs.

Diel variability

|¢

v Diel patterns of acoustic features were notably variable at 120 m depth.

v' At 20 m, no significant differences were found in BTS Fpeak between night and day; whereas, in MCEs, diurnal and
nocturnal BTS Fpeak differed.

v' At 7 PM, NoBTS levels surged for two hours at three islands, with a peak frequency of BTS around 5.4 kHz, signifying
increased activity by a specific species during this timeframe.

Differences between islands

|¢

v" Depth effect on acoustic features was not equivalent at all the islands: Moorea and Bora Bora showed extreme contrasted
patterns.

v The pattern of decreasing NoBTS with increasing depth was not found at all the islands.

v' The peak frequency was constant all along the day at all depths in some islands while diel cycles were observed in some
mesophotic reefs with higher frequencies during the night or during the day.

Key question for the objective of the thesis

How does the ‘mass-phenomena’ biophony vary along a depth gradient and diurnally?



Abstract

Although mesophotic coral ecosystems account for approximately 80% of coral reefs, they
remain largely unexplored due to their challenging accessibility. The combined snapping of
benthic invertebrates results in a continuous loud crackle. The acoustic richness within reefs
has led scientists to consider passive acoustic monitoring as a reliable method for studying both
photic 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 photic 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 sounds (BTS) soundscapes, with sound intensity decreasing as depth increases. At 20
and 60 m, sounds were louder at night displaying clear diel patterns. 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. It supports the existence of different invertebrate communities or distinct
behaviors, particularly in deep mesophotic reefs. Overall, this study strongly supports the use
of passive acoustic monitoring to describe and understand ecological patterns in mesophotic

reefs.
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1. 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
[313]. The composition of sounds within a given habitat depends on the presence of species,
their behavior, and activities, which, in turn, are influenced by ecological and environmental
factors [241,314] (Chapter 6). The study of animal sounds within an ecological framework is
the core objective of ecoacoustics [315]. It represents an innovative and effective monitoring
technique for non-invasively acquiring information on biodiversity, behaviors, and biorhythms,
irrespective of water turbidity, temperature, or depth [316-319]. Soundscapes, encompassing
all sounds emanating from an ecosystem, also provide information on cryptic species and their
activities 24 hours a day, making them suitable for assessing cryptic biodiversity. Recording
these sounds and their variability is therefore promising, particularly for studying less
accessible ecosystems such as Mesophotic Coral Ecosystems (MCEs) [320] (Chapter 6).

Mesophotic coral ecosystems, extending from depths of 30/40 m to/over 150 m [106-108],
constitute approximately 80% of coral reefs [321]. Despite their significant contribution to reef
ecosystems, little is known about their ecology and functioning [108] (Chapter 6), 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, providing shelter to a myriad of species [322-324]. Knowledge of
mesophotic soundscapes, including the diversity of biological sounds and their variability,
remains very limited. It is largely unknown whether acoustic composition and patterns are
specific to MCEs, to what extent they differ from photic reefs, and whether lower light
conditions influence biorhythms. Most studies on coral reef sounds have, in fact, been
conducted in the photic zone [141,325,326]. The major sources of biological sounds in these
photic coral reefs are benthic invertebrates, fish, and cetaceans. Fish and whales vocalize mainly
in the low-frequency band (below 2 kHz) while dolphins and benthic invertebrates emit
Broadband Transient Sounds (BTS) generally at higher frequencies (> 2 kHz) [84]. To provide
ecologically relevant information about specific environments, the biogenic sound composition

and/or acoustic patterns of a soundscape should be linked to habitat features.

Depth is an important driver influencing the composition of animal communities [327,328].
The depth-dependent composition and abundance of fish sounds has been documented in coral
and temperate red-algae coralligenous reefs, likely reflecting the vertical stratification observed

in fish assemblages [318] (Chapter 6). Furthermore, the acoustic community composition of
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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 photic and mesophotic coral
reefs [158,318] (Chapter 6). 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 [327,329-332]. Additionally, the three-dimensional
structure of coral reefs and the presence of specific 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 [333,334]. 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 [171]. Most sounds produced by
benthic invertebrates are broadband transient sounds (BTS) extending over tens of kilohertz,
dominating coastal soundscapes day and night [23,83]. These sounds can be emitted by
numerous species from different taxonomic groups, such as sea urchins [65,243], bivalves [64]
or numerous crustaceans such as hermit crabs [66], crabs, stomatopods, Palaemonidae shrimps
[24], and snapping shrimps, specifically species from Alpheus and Synalpheus genera
(Alpheidae) [24,70-72]. Despite documented decreases in snapping shrimp sounds below a
depth of 55 m, which are among the most prevalent sounds in coral reefs [24,81,82], 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

correlation with benthic cover in mesophotic reefs.

Sounds produced by benthic invertebrates can serve as indicators of different habitats
[335,336]. Moreover, BTS, particularly those emitted by snapping shrimps, respond to
environmental changes such as temperature or pH [72,337,338] and exhibit distinct biorhythms.
In fact, in many photic reefs, BTS display diel variations [23,72,79] (Chapter 3), with peaks
typically observed around sunrise and/or sunset [24,82] (Chapter 3). Different diel cycles can
co-occur at a specific site [79,82] and are known to depend on the peak frequency of BTS,

potentially indicating differences in underlying communities (Chapter 3).

In this study, we investigated the relationship between benthic invertebrate sounds,
depth, and benthic cover composition, key ecological factors determining differences between
photic 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 compositions 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) photic and
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mesophotic reefs are characterized by distinct BTS that may contribute biodiversity 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 [112,113], at three different depths (20 m, 60 m, and 120 m) coupling passive acoustic

recordings with benthic sessile cover inventories.

2. Materials and methods

2.1. Data collection

Data sampling was conducted between March 2018 and April 2019 on six islands in French
Polynesia: Bora Bora, Moorea (both in the Society Archipelago), Teauaone Islet near
Mangareva (Gambier Archipelago), Rangiroa, Raroia, and Tikehau (all three in the Tuamotu
Archipelago) (Figure 32, Table 4). The first three islands are high volcanic islands, while the
last three are atolls. At each island, three different depths were studied concurrently on the
external slope, one in the photic reef (20 m) and two in the mesophotic reef (60 m and 120 m).

At Mangareva, only the two shallower depths were studied due to an issue with the recorder.

Bora Bora Rangiroa

Raroia

Tikehau
Society Archipelago

Moorea

Mangareva
Gambier Archipelago

Figure 32 Map of the central part of French Polynesia: Society Archipelago (in white), Tuamotu
Archipelago (in yellow), and Gambier Archipelago (in green) with the six studied islands highlighted.
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Table 4 Localization and period of sampling for each island. 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.

Island Type Lat (S) Long (W) Year Month Day
Tuamotu Archipelago
Rangiroa Atoll 14.980° 147.613° 2018 Oct - Nov 30t — 2nd
Raroia Atoll 16.023° 142.463° 2018 March 2nd _ 5th
Tikehau Awoll 15.017° 148.287° 2018 October 15" — 18t

(Raised atoll)

Society Archipelago

High island

Bora Bora 17.477° 149.851° 2018 September 215t — 24
(Almost atoll)
Moorea High Island  16.437° 151.754° 2018 September 4th _ 7t
Gambier Archipelago
Mangareva i jsland  23.001° 134.960° 2019 April 16M _ 19t
(Teauaone)

Tripod structures, each equipped with 4 kg 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 / HT196 hydrophone (Loggerhead Instruments,
Sarasota, FL, USA) was attached. The recorder operated for 62 hours (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), sunset (05 PM — 06:59 PM, n = 3), night (07 PM — 04:59 AM, n = 3), and
sunrise (05 AM - 06:59 AM, n = 3).

To assess benthic cover, we used photo-quadrats from Chapter 6. For each island, photo-
quadrats were realized during each deployment and employed to characterize the benthic sessile
cover. At each depth, ten non-superimposed 0.75 x 0.75 m photo-quadrats were taken along
four 10 m-long lines leaving a constant of 25 cm between quadrats following the methodology
described by Pérez-Rosales et al. [339]. 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) scleractinian, (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) encrusting algae and (16) other sessile invertebrates (Chapter 6). 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. [339].
Percentages of each category per quadrat were averaged to obtain mean values for each depth
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and island. This data was then used for the redundancy analysis (see ‘Link between BTS and

benthic cover’ section).

2.2. Acoustic analysis

2.2.1. 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% (MathWorks, Natick, MA, USA). Median
(Qo.50) spectra were generated 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 highest power spectral density
value (PSDrpeak, in dB re 1 pPa? Hz'!) and the corresponding frequency (yFpeak, in kHz,
Figure 33), representing the frequency at which the power spectral density is maximal [340].
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 m and
120 m and referred to as Azom (in dB re 1 pPa? Hz 1) (Figure 33).

»
[3)]

[34]
[3)]
1

I At 60 m, A,y = x dB re 1 yPa2 Hz™

45+ V\
60 m
y
yAt 120 2om= X +y dB re 1 yPaz Hz1
35=

Power spectral density (dB re 1 pPa2 Hz™")

Frequency (kHz)

Figure 33 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. PSDrpeak = highest power spectral density value, yFpeak = corresponding
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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2.2.2. Acoustic features of single BTS

In addition to the acoustic description of the mass phenomena, acoustic features were also
extracted from single BTS, selected using an automatic BTS detector [278] that was run on the
audio recordings using a custom-made Matlab (version R2014b) routine (MathWorks, Natick,
MA, USA). To avoid inclusion of sounds other than from 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 22.5 kHz to remove the recordings
containing echolocation clicks of odontocetes and masking anthropogenic noise. For each 1-
minute file, three features were calculated: (1) the number of detected BTS per second (NoBTS,
in BTS s1) with a minimal signal-to-noise ratio of 10 dB, (2) their peak frequency (BTS Fpeak,
in kHz) and (3) the broadband-peak to-peak Sound Pressure Level (SPLpp) (BTS SPLpp, in dB
re 1 uPa) (Chapter 3).

In addition to the acoustic characterization of the mass phenomena, acoustic features were
extracted from each BTS, selected using an automatic BTS detector [278] 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 calculated. Subsequently, the ambient noise
level (ANL) was estimated, and based on this ANL and a target false alarm probability, a
detection threshold was computed using the energy of the signal [278]. If the local energy
exceeded the detection threshold, a BTS was identified [278]. 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 to 22.05 kHz, with the aim of removing recordings containing
echolocation clicks of odontocetes and masking anthropogenic noise. For each 1-minute file,
three features were computed: (1) the number of detected BTS per second (NoBTS, in BTS s %)
with a minimum signal-to-noise ratio of 10 dB, (2) their peak frequency (BTS Fpeak, in kHz)
and (3) the broadband peak-to-peak Sound Pressure Level (SPLpp) (BTS SPLpp, in dB re 1 pPa)
(Chapter 3). yFpeak reflects mass-phenomena differences, while BTS Fpeak provides an

indication on the diversity of individual BTS.

2.3. Statistical analysis
2.3.1. 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 compared visually. Five linear mixed-effect models (function Ime,

package nlme) were then employed: one for each acoustic feature derived from the power
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spectra (PSDrpeak and yFpeak), as well as individual BTS features (NoBTS, BTS Fpeak, and
BTS SPLyp). 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 (PSDrpeak, YFpeak, and Axo), 187 datapoints were used (11 temporal replicates per
island and per depth). For the acoustic features of individual BTS (NoBTS, BTS Fpeak and
BTS SPLyp), the dataset comprised between 5465 and 5752 data points (one 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 SPLp, and BTS
Fpeak. The significance level was set to o.=0.05. Subsequent between-depth comparisons were
conducted with Tukey tests (function glht, package multcomp, with Bonferroni correction).
Bonferroni corrections were applied to counteract the multiple comparisons problem and avoid
Type | errors. Following this, acoustic features were compared between islands to investigate
spatial variability. Non-parametric Kruskal-Wallis tests (with Dunn’s test as post-hoc analysis,
employing a Benjamini-Hochberg correction on P-values) were separately conducted for each
island to compare the three 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 analyses were performed using R software version 3.6.1. (R Core Team, 2019).

2.3.2. 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) [341]. RDA, commonly applied in ecology [342],

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 presents correlation coefficients between each independent and
dependent feature [343,344]. It can be considered as an extension of Principal Component
Analysis (PCA), in which components are constrained to linear combinations of environmental
features [345]. Acoustic features (PSDrpeak, YFpeak, Azom, NOBTS, BTS Fpeak, BTS SPLp)
were standardized (to zero mean and unit variance) and used as response variables, while cover
features were used as explanatory variables. To aid in interpretating site constraints, Spearman
correlations, with associated P-values adjusted by Holm’s method, were calculated between

site constraints and acoustic features.
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2.3.3. 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 recordings for NoBTS,

BTS Fpeak and BTS SPLppand 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 (PSDrpeak, 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 random effect). For the spectral features (PSDrpeak, YFpeak and Azo), 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 SPLyp), the dataset comprised between 1341 and 2152 data
points. The significance threshold was set at a = 0.05. Diagnostic plots were employed to verify
model assumptions. Multiple comparisons (Tukey tests) between depths 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 correction on P-

values) were employed to compare temporal periods at each depth.

3. Results
3.1. Depth variability

3.1.1. General pattern

The spectrograms and PSD graphs revealed that the soundscape at the frequency range [1.5,
22 kHz] was predominantly characterized by broadband transient sounds (BTS) produced by
benthic invertebrates (Figure SP4 - 1). When considering all depths and all islands, the highest
values of power spectral density (PSDrpeak) Were found between 3 and 10 kHz, displaying
variations in both the number and intensity of spectral peaks. As depicted in Figure 34, at a
depth of 20 m, yFpeak predominantly ranged between 5 and 6 kHz, aligning with the
characteristic spectral increase associated with snapping shrimp [23,80]. The variability in
vFpeak Was more pronounced at 60 and 120 m depths. At 60 m, yFpeak Seemed to fluctuate
between 4 and 10.5 kHz, depending on the island, while at 120 m, yFpeak €xhibited variations

from 2.9 to 6.4 kHz (Figure 34). BTS beyond 2 to 4 kHz consistently surpassed the average

96



Wenz ambient noise level, i.e., the ambient noise level in the presence of a 6-knot wind

(Chapter 3).
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Figure 34 Median Power Spectral Density (PSD) during the night per island. (A) Bora Bora, (B) Mangareva,
(C) Moorea, (D) Rangiroa, (E) Raroia, and (F) Tikehau. In green: 20 m, in blue: 60 m, and in black: 120 m. Each
line is a replicate (night n°1, n°2 and n°3). In grey, Wenz ambient noise level curves for wind speeds 0 kn, 6 kn
and 12 kn (from bottom to top). The horizontal axis is frequency in logarithmic scale.
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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 (Figure 34, Table 5). The highest power spectral density value (PSDrpeak) decreased with
increasing depth (71.7, 63.7 and 57.8 dB re 1 uPa? Hz* at 20, 60 and 120 m, respectively). The
difference was statistically significant between 20 and 60 m but not between 60 and 120 m
(Table 5). The frequency corresponding to the highest power spectral density value (yFpeax) also
varied with depth; it was consistent between 20 and 60 m but approximately 2 kHz lower
between 60 and 120 m. Both BTS SPLp, and the number of BTS decreased with increasing
depth, while the opposite trend was observed for BTS Fpeak (Table 5, Figure 35). 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.

Table 5 Linear mixed-effect model results with multiple comparisons (Tukey tests) to access depth
variability. P-values are adjusted with Bonferroni corrections. PSDrpeak = highest power spectral density value,
yvFpeak = 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. o = 0.05

Z value P
PSDrpeak (F = 212.16, P < .0001) 20 vs. 60 —4.64 <.0001
n =187 20 vs. 120 —6.06 <.0001
60 vs. 120 -1.64 0.30
YFpeak (F =48.21, P <.0001) 20 vs. 60 -0.18 ~1.00
N =187 20vs. 120 —4.30 <.0001
60 vs. 120 -4.13 0.00011
Az (F = 306.15, P <.0001) 20 vs. 60 —5.62 <.0001
n =187 20 vs. 120 -8.90 <.0001
60 vs. 120 -3.55 0.0012
BTS SPLpp (F = 9342.4, P < .0001) 20 vs. 60 —38.73 <.0001
n=5732 20vs. 120  —64.71  <.0001
60 vs. 120 —27.39 <.0001
NoBTS (F = 1445.14, P <.0001) 20 vs. 60 —6.72 <.0001
n=5752 20 vs. 120 —37.38 <.0001
60 vs. 120 -30.23 <.0001
BTS Fpeak (F =640.171, P <.0001) 20 vs. 60 6.66 <.0001
n = 5465 20 vs. 120 23.41 <.0001

60 vs. 120 17.02 <.0001
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Figure 35 Depth variation of acoustic features. (A) PSDrpeak = highest power spectral density value. (B) NoBTS
= number of broadband transient sounds, and (C) BTS SPL, = peak-to-peak sound pressure level of 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 falling outside the Q1 — Q3 range are plotted as outliers of the data.

3.1.2. Differences between islands

The depth effect on acoustic features was not consistent across all islands. Moorea and Bora
Bora exhibited highly contrasting patterns. In Moorea, similar values for PSDgpeak, A20, and
BTS SPLp, values were observed between 60 m and 20 m, whereas in Bora Bora, the similarity
was between 60 m and 120 m (Figure 34, Table SP4 - 1). These differences may be attributed

to three factors: slope, temperature (Figure SP4 - 2), and/or substrate composition.

The pattern of a decreasing number of BTS with increasing depth was not consistently
observed across all islands. In Bora Bora and Raroia, the number of BTS was 1.3 to 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.

3.2. 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 (Figure 36, Table 6, Table SP4 - 3). Positive RDAL 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
(Figure 36). In contrast, negative RDA1 values were primarily explained by macroalgae,
scleractinians, and dead coral (—0.64, —0.55, and —0.50, respectively). PSDrpeak, 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 <.0001). In addition, the number of BTS tended to be associated
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with shallow reefs (Figure 36). This reflects the lower benthic acoustic activity observed in

deep mesophotic reefs. RDA2 to RDAG6 did not correlate with any acoustic features.
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Figure 36 Redundancy analysis (RDA) plot examining the link between benthic cover features and acoustic
features. Ellipses are 95% confidence 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. PSDgpeax = 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.

3.3. Diel variability
3.3.1. General pattern

Diel cycles were clearly evident (Figure SP4 - 1). Variations in diel variation were observed
for most acoustic features. PSDrpeak Was generally higher at night than during the day, except
at a depth of 120 m, where the patterns varied between islands (Table 7, Figure 37A, Figure
SP4 - 2, Figure SP4 - 3, and Figure SP4 - 4). Photic reefs exhibited the highest PSD values,
followed by mesophotic reefs at depths of 60 and 120m. BTS Fpeak displayed consistent diel
patterns at 20 m and 60 m depth, but with higher variability at 120 m depth (Figure 37) At 20 m,
BTS Fpeak differed at sunset compared to daytime and night. However, no significant
differences were found between night and day (Table 7). In contrast, in mesophotic reefs (60
and 120 m) diurnal and nocturnal BTS Fpeak differed significantly (Table 7), indicating
potential activity switches in the communities of the emitting species. Finally, the number of
BTS and the BTS SPLyp presented diel variations at all depths, but distinct patterns were
observed. Particularly at 120 m depth, diel variability was highly variable between islands
(Table 7, Figure 37).
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Table 6 Mean percentage of benthic cover per island and per depth.
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Bora Bora 20m 9 1.2 0 30.3 0 0.5 0 0.2 0 22.4 0 35.1 1 0.4 0 0
60 m 0.6 55 0 16.8 0 6 0.3 1.6 0 0.1 0 68. 0.5 0 0 0
120 m 42.3 12.8 6.2 19.4 7.1 4.4 0 0.4 0 5.6 0.6 1.2 0 0 0 0.1
Mangareva 20m 0.8 0 0 39.8 0 8.2 0.5 0 0 1 0 43.6 3.1 2.7 0 0.4
60 m 18.1 0.1 5.6 22.3 0 2.5 0 0.1 0 1.6 0 9.4 1.2 1.9 0 36.9
Moorea 20m 7.8 0.4 0 32.9 0 6.4 0 0.5 0 10.3 0 38 3.3 0.1 0 0
60 m 23.4 0.7 0 45.4 0 14 0 0 0 0.7 0 15.3 0 0 0 04
120 m 29.6 21.9 11 22.1 2.9 3.3 0 0 2.9 2.9 2.8 0.3 0 0 0 0
Rangiroa 20m 4 1 0 35.1 0 3.8 0 2 0 23 0 111 0.6 0.1 0 19.2
60m 42 8.6 41 15.8 0 1.1 0 4.2 0 1.9 0 22 0 0 0 0.2
120 m 50.1 21.9 125 125 0.2 0.5 0.3 0.3 0.2 0.1 0.1 0 0 0 0 0
Raroia 20m 0 0 0 19.1 0 8.7 0 9.6 0 0 0 56.1 1.8 4.6 0 0
60 m 16.9 0.5 0 44.1 0 4.2 0 11 0 4.7 0 18.5 0 0 0 0
120 m 57.9 8.7 0 20.8 0 10.7 0 0.9 0 0.6 0 0.3 0 0 0 0
Tikehau 20m 2.2 5.1 28.1 11.2 0 6.1 0 0 0.2 7.6 0 32.1 1.9 3.3 0.6 1.2
60 m 28.9 6.3 12.8 3.8 0 11.2 0 0 0.1 3.6 0 32.4 0 0.1 0.1 0.4
120 m 79.8 1.8 0 9.2 0.1 3.4 0 0 0.2 5.2 0 0 0 0 0 0
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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 activity of benthic
invertebrates. (Figure 37, Table SP4 - 8).

Table 7 Linear mixed-effect model (per depth) results with multiple comparisons (Tukey tests) to access diel
variability. P-values are adjusted with Bonferroni corrections. PSDgpeax = 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.

) 20 m 60 m 120 m
Feature  Comparison Z value P Z value P Z value P
PSDepeak 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
vFpeak 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
F=0.12, P =0.95, F =1.26, P = 0.30,
Az n =66 n=55
BTS F = 608.98, P <.0001, F =987.58, P <.0001 | F=106.73, P <.0001,
SPLpp 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 -1.24 ~ 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 <.0001g -14.24 <.0001 431 <.0001
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SR - day =3.77 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 4.23 0.00014 0.23 ~1.00
SS—-SR -1.28 ~1.00 -1.06 ~1.00 —0.082 ~1.00
BTS F=4.52, P =0.0036, F =23.26, P <.0001 F =6.89, P =0.0001,
Fpeak n =2130 n = 1994 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
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Figure 37 Diel pattern of the BTS. (A) the highest power spectral density value (PSDFpeak) (B) peak-to-peak
sound pressure level of the broadband transient sounds (BTS SPL,,) and (C) number of broadband transient sounds
(NoBTS). Depths are indicated as following: green 20 m, blue 60 m, and black 120 m. Sun and moon symbols
indicate day and night periods respectively. For panel A, periods are used (SS = sunset, N = night, SR = sunrise,
and D = day) while time series are showed for panels B and C.
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day) while time series are showed for panels B and C.

(continuation) Diel pattern of the BTS. (A) the highest power spectral density value (PSDFpeak) (B) peak-to-

peak sound pressure level of the broadband transient sounds (BTS SPLp) and (C) number of broadband transient

sounds (NoBTS). Depths are indicated as following: green 20 m, blue 60 m, and black 120 m. Sun and moon
symbols indicate day and night periods respectively. For panel A, periods are used (SS = sunset, N = night, SR

sunrise, and D



There was an increase in the number of BTS around 7 PM that lasted for two hours at the
three islands of Bora Bora (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 number of BTS was 37.7% to 97.7% higher
during this period compared to the 2 hours before and after (Table SP4 - 15). The peak
frequency of the BTS during this 2-hour increase was around 5.4 kHz, significantly different
from the peak frequency of the BTS the 2 hours before and after (Table SP4 - 15). This suggests
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 to 20 min in duration 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 (Figure 38), while a less intense but longer increase was
observed from 7:10 PM to 7:50 PM between 4.6 and 5 kHz (Figure 38). These observations

likely represent activities of species specific to the deep part of mesophotic reefs (120 m).
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Figure 38 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
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.
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3.3.2. Differences between islands

Overall, PSDrpeak diel patterns at 20 m and 60 m depth were similar across islands. At 120 m,
some islands (e.g., Rangiroa and Raroia) exhibited PSDrpeak patterns resembling those at 20 m
while others (e.g., Moorea) displayed opposite patterns (not statistically supported) (Figure
37A, Figure SP4 - 3, Table SP4 - 4). yFpeak remained constant throughout the day at all depths
on some islands, whereas diel cycles were observed in certain mesophotic reefs, with a higher
vFpeak during the night or day, suggesting that acoustic mass phenomena vary, or not, depending
on the site/island (Figure SP4 - 4 and Figure SP4 - 5). The diel variation of the number of BTS
at 20 and 60 m was relatively consistent across islands, with generally higher values during the
day than at night, (but see Bora Bora and Raroia, Figure 37C, Table SP4 - 6, and Table SP4 -
7).

4. Discussion

4.1. Depth variability

The underwater acoustic survey conducted at three different depths across six islands in
French Polynesia revealed significant differences in the sounds emitted by benthic
invertebrates. 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 and 20 m depth, likely reflecting distinct
benthic communities. Thus, the sounds emitted by benthic invertebrates varied along the depth
gradient, ranging from photic 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 [338], an increase in the distance from shore [318], and the transition
from a light-dependent scleractinian-dominated reef with macroalgae to a sandy reef with a
higher number of sponges, black corals, and gorgonians [172]. However, not all measured
acoustic features showed linear trends. For sound pressure level features (SPLpp and PSDrpeak),
the greater the depth, the lower the sound pressure levels, with an average decrease of 6 to 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 number of BTS, the number of nocturnal BTS was generally higher at 60 m than at 20 m.
This might seem counterintuitive, as a higher number of sounds would typically be associated

with higher sound pressure levels. ‘Intensity features’ (i.e., PSD and BTS SPLp) and NoBTS
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may thus provide different information related to differences in biodiversity or invertebrate
communities. Higher coral genus diversity in French Polynesia has been reported at 60 m
compared to 20 m depth [332], 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 explanations. 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 photic reefs.
On the other hand, photic reefs seem to shelter species producing louder sounds than in the
upper part of the mesophotic reefs, as indicated by the highest levels of SPLyp and PSDrpeak.
Photic reefs are dominated by shapping shrimp sounds, which are among the loudest marine
sounds emitted by benthic invertebrates [70]. Therefore, even in smaller numbers, they could
be responsible for the observed increase in sound levels at 20 m depth. Alternatively, snapping
shrimp sounds create 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 photic zone.

Unlike the reefs at 20 and 60 m, the deeper part of the mesophotic 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 environmental suitability [24], the noise
levels of snapping shrimp sounds decrease. Below 61 to 91 m, the presence of snapping shrimp
noise is unlikely, unless transmitted from nearby shallower areas [83]. The absence of snapping
shrimp sounds may therefore account for the absence of the continuous crackle typically found
in shallow habitats [24]. The lower concentration of deep living species [24,83,346,347] 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
crustacean sound intensity with depth observed in Japanese reefs [348]. The reduction of
canopy-forming algae has also been suggested as a potential cause for the decrease in snapping
shrimp sound production, favouring opportunistic turf-forming algae [337,349,350].

Acoustic variables also differed between islands. For instance, in Moorea, the most
significant decrease in PSDrpeak 0CCurred between 60 and 120 m. At a depth of 120 m, Moorea
diverged from other islands due toa 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 [72,338]. Previous studies have demonstrated that differences in bottom types can

influence sounds. At equivalent depths, less intense sounds have been observed from non-
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favourable bottom types compared to favorable ones for snapping-shrimps (e.g., coral, rock,
stone, and shell) [83]. Additionally, at Rangiroa; PSDrpeak Values at 20 m were significantly
higher than in the other islands. This might be explained by the unique geomorphological
features of the site [23]. However, further investigation is necessary for a comprehensive

understanding.

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 [70,351-353]. They could also result
from differences in the abundances of species present with sounds of varying peak frequencies.
Alternatively, single BTS can have multiple frequency peaks [23,243] 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 to 20 kHz range [83], 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 [66]. Higher frequencies can be emitted by certain
species of Palinuridae [354]. Conversely, lower frequencies are known to be produced by some
species of Palinuridae [68,355-357] and Penaeidae [358-360]. In temperate areas, bivalves are
known to produce high frequency sounds [64], while sea urchins are known to emit lower-
frequency sounds (between 0.7 and 2.8 kHz) with relatively lower peak frequencies during
feeding [65]. However, in Polynesian reefs, this frequency range does not correspond to a

spectral increase (Chapter 3).

4.2. 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
pronounced at 120 m. Notably, distinctive rhythmic patterns were observed in terms of number
of BTS. One particular 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
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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 and 60 m depths, benthic activity
rhythms were more similar compared to those at 120 m depth. They also exhibited pronounced
diel variations with higher PSD and BTS SPLp, during the night. This aligns with studies in the
Caribbeans [79] and Polynesia (Chapter 3). The number of BTS showed opposite trends, with
higher values during the day. In Moorea, recordings made at 12 m revealed that the number of
BTS could vary differently between day and night depending on the frequency band
(Chapter 3). 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 (Chapter 3).

5. Conclusions

This study identifies for the first-time acoustic patterns from photic 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
photic zone, likely indicative of variations in biodiversity or community composition linked to
benthic sessile cover features such as hydroids, sponges, black corals and gorgonians. These
features create animal forests, three-dimensional structures hosting a variety of small cryptic
organisms [361,362] . Furthermore, the limited occurrence of diel patterns at 120 m suggests
that reduced light regimes influence biorhythms. Studies linking habitat variables to acoustics
are still scarce but necessary to understand habitat-specific patterns and the drivers of acoustic
variations [318] (Chapter 6). The results presented here support the use of passive acoustics for
the study and monitoring 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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Chapter 5. ‘To be, or not to be’: critical assessment of the use of a-acoustic
diversity indices to evaluate the richness and abundance of coastal

marine fish sounds
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Two research studies have been conducted. The first one focused on fish sounds and is presented in this
thesis, having been published in the Journal of Ecoacoustics. Additionally, sections of this chapter have been
utilized for two educational videos on the MANEA platform: OQutils d’étude de la biophonie — Partie 1 : Les
indices de diversité acoustique and Qutils d’étude de la biophonie — Partie 2 : Problématique de Iutilisation
des indices acoustiques en milieu marin. The second study, which investigates benthic invertebrate sounds,
has not been included in the final document of this thesis. It is currently in the final stages of preparation.
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MAJOR RESULTS

Controlled environment

v" Some indices (M and TE) correlated with sound abundance.
v No indices correlated with sound type richness.

v' The indices' performance differed between controlled and natural environments.

A

Natural environment

v No indices were correlated with sound abundance.
v" Many indices were correlated with sound type richness.
v" The indices' performance differed between controlled and natural environments.

A 4

Factors affecting the performance

v Background noise, such as biophonic sounds from snapping shrimps, impacted the indices' performance.
v The settings of the indices significantly mfluenced their correlations with sound abundance and sound type richness.

v' TE showed the highest correlation with sound abundance but was sensitive to background noise.

A4

Suitability for studying fish sound diversity

v The indices have limitations in capturing subtle changes in sound types.

v"  Coastal marine soundscapes have limited frequency partitioning, making it challenging for the indices to distinguish
between different fish sound types.

v The indices' performance is affected by masking effects in chorus events and may not be suitable for coral reefs.

Key question for the objective of the thesis
Can we use ‘a-acoustic diversity indices’ to study this discriminable near sources of the

biophony?
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Abstract

Passive acoustic monitoring can be used to assess the presence of vocal species. Automatic
estimation of such information is critical for allowing diversity monitoring over long time
spans. Among the existing tools, a-acoustic indices were originally designed to assess the
richness/complexity of terrestrial soundscapes. However, their use in marine environments is
impacted by fundamental differences between terrestrial and marine soundscapes. The aim of
this study was to determine how they vary depending on the abundance and sound type richness
of fish sounds. Fourteen indices used in terrestrial environments were tested. The indices were
calculated for files from three sources: a controlled environment (playback of artificial tracks
in a pool), in situ playbacks (playback of natural soundscapes), and a natural environment (only
natural sounds). The controlled experiment showed that some indices were correlated with the
sound abundance but not with the sound type richness, implying that they are not capable of
distinguishing the different types of fish sounds. In the in situ playbacks, the indices were not
able to capture differences, both in terms of the sound abundance and sound type diversity. In
the natural environment, there was no correlation between most of the indices and the
abundance of sounds. They were impacted by mass phenomena of biological sounds (e.g., the
Pomacentridae sounds in shallow reefs) that cannot inform on fish acoustic diversity. Indices
are appropriate when soundscapes are divided into bands. In contrast to terrestrial
environments, frequency bands in coastal marine soundscapes do not provide ecologically
relevant information on diversity. Overall, indices do not appear to be suitable for inferring

marine fish sound diversity.
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1. Introduction

Biodiversity is directly linked to the resilience of ecosystems [363], and it is declining in
many ecosystems around our planet [177,364]. Therefore, there is a need to monitor
biodiversity trends over large spatio-temporal scales and to collect comparable and standardized
measurements. Biodiversity can be measured by counting the number of different species in a
given area, or by taking into account their relative abundance [365]. The first metric is known
as species richness, while the second involves the calculation of diversity indices. In the last 20
years, technological developments in remote sensing have boosted our ability to detect species
and to monitor their distribution together with the ecological state of understudied ecosystems
[84]. Among remote sensing techniques, monitoring the biological sounds present in a habitat
is an effective way of measuring biodiversity [366]. The two fundamental aspects of species
biodiversity (abundance and richness) are encoded in the biological component of the acoustic
environment of a habitat (i.e., the biophony), and they can be measured as the number of
different sound types (acoustic richness) and their relative abundances [84,163,367]
(Chapter 6). Technological advancements allow recording for long time periods at large spatial
scales, thus requiring the development of adequate standardized, automatic, and quick
processing methods, which can inform on biodiversity trends [84]. This is a fundamental
requirement for meeting international targets of biodiversity monitoring [368]. In this context,
many a-acoustic indices, representing the a-diversity measures in a single habitat or sampling
unit, have been developed to describe the sonic biodiversity of a soundscape [369]. These
indices are classically divided into three groups: those describing the intensity of the acoustic
scene, those characterizing its complexity, and those on soundscape components [369].
Intensity indices are based on the measurement of sound intensity, i.e., the ratio of sound
pressure relative to a reference value. The sound pressure level (SPL) is a logarithmic measure
of the ratio of the sound pressure of a sound to a reference sound pressure. Intensity indices
have been used for noise level assessment or in ecological studies, for example, to assess avian
biophonies in various environments [370-374]. The inconvenience of these indices is that they
do not provide any information on the number/identity of sound sources or on the frequency
composition of the soundscape, which makes them unsuitable for estimating acoustic richness.
This has led to the birth of the first complexity indices based on the frequency composition of
the soundscape. These indices postulate that a biophony is more complex when the number of
vocal individuals/species increases. Complexity indices are computed (1) within precise

frequency ranges, leading to the creation of the bioacoustic index (= relative abundance, Bl =
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Bio) [375], (2) on the amplitude index (M = Al) based on the median of the amplitude envelope
[376], and (3) on the acoustic entropy index (= total entropy, H) related to the evenness of the
acoustic environment [377]. It is calculated by multiplying the temporal entropy (TE = Hy),
i.e., measurement of the Shannon evenness of the amplitude envelope, by the spectral entropy
(SE = Hy), i.e., measurement of the Shannon evenness of the frequency spectrum [377].
Different indices have also been developed based on entropy: the Shannon spectral entropy (=
Pielou’s evenness index, S), the Simpson spectral entropy (= Gini Simpson spectral entropy =
Gini Simpson index, GS), the Renyi spectral entropy (R), the entropy of spectral variance (Hy),
the entropy of spectral maxima (Hm), and the acoustic diversity index (ADI = H’) [377-379].
More recently, other indices have been created to account for soundscapes that might not be
dominated by a biophony and to study noise-like sounds produced by single species (e.g.,
cicadas). These new indices include the acoustic richness (index) (AR = ARIic) [376], the
acoustic evenness index (AEI = Aeve = AE) [380], the acoustic complexity index (ACI) [381]
and the number of peaks (= frequency peak number, sometimes confusedly named the acoustic
complexity index, NP) [382]. This list is not exhaustive, as other indices (e.g., mid-band activity,
spectral diversity and spectral persistence) have also been developed to determine avian
richness [378]. The third category of a-acoustic diversity indices, soundscape indices, works
on soundscape components by analyzing the biophony (sounds of biological origin) alone or in
relation to the anthropophony (sounds produced by humans). To calculate these indices,
terrestrial soundscapes are generally split into a frequency band between 0.2 and 2 kHz
dominated by the anthropophony, and one between 2 and 8 kHz, generally characterized by the
biophony. Some indices use the ratio of anthropophony to biophony such as the normalised
difference soundscape index (NDSI) [383], while others are based only on the biophony, such
as biophony or biophony peak (bioPeak) [380,384].

Because indices are quick and easy to use, they have been widely adopted to study the
biophony in a variety of different terrestrial/aerial environments, such as in the Amazon
rainforest [385], tropical wet evergreen forests [386], dry tropical forests [387], the Valdivian
[388] or Atlantic rainforest [389,390], savannas [390,391], Mediterranean forests [392],
pastures [393], temperate woodlands [376], cities [394,395], and mangroves [395]. In
comparison to terrestrial soundscapes, sounds at sea include ambient noise caused by thermal
agitation, oscillating bubbles, water droplets, surface waves, turbulence, seismic sources,
precipitation, and sea-ice movements [5]. Except for sea-ice movements, these sources are less
frequency-modulated than sources in terrestrial soundscapes (e.g., birds) and often create

broadband noises (similar to white noises) [396]. The soundscapes of marine coastal
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environments are generally dominated by sounds emitted by invertebrates, such as snapping
shrimps or sea urchins, in the frequency band between 1.5 and 40 kHz [24,243]. Below 2 kHz,
that is, within a very narrow frequency band, marine coastal biophonies are dominated by fish
and marine mammal sounds [397]. This makes coastal marine soundscapes profoundly different
from terrestrial soundscapes. Despite these considerations, indices have been used in different
environments such as mangroves [398], streams [399], ponds [400], seagrass meadows
[398,401], sandy bottoms [398,401], deep seamounts [402], temperate reefs [403], and coral
reefs [158,236,398].

Although highly informative, one of the biggest challenges with the use of acoustic indices,
particularly in the marine environment, is identifying the extent to which they are representative
of the acoustic richness and diversity of an environment. Among all indices, the ACI, H, AEI
and ADI have often been applied to study acoustic fish communities. However, controlled
experiments have shown the difficulty in discriminating between sound abundance and sound
type richness [396]. Furthermore, the ACI, for instance, has been shown to be unrelated to fish
sound diversity [404,405]. Depending on the settings, the ACI increases or decreases when the
sound abundance increases, but H always decreases [405]. For Indonesian reefs, the AEI and
ADI (band: 1.2 — 11 kHz) are considered good predictors of fish abundance and/or richness
(explaining 19% to 40% of the deviance) [406]. However, it is difficult to fully appreciate these
relationships since the band used for the analysis (1.2 — 11 kHz) does not correspond to the
frequency band of fish vocalizations, but to the frequency band of invertebrate activity. Similar
to what has been carried out in terrestrial environments [407], experimental tests of acoustic
indices are required [408] to understand if they are representative of fish biophony diversity. In
this work, we focused on fish sounds, because fish are the only taxa with species-specific
vocalizations that are always present on reefs (contrary to marine mammals). The aim of this
study was to experimentally determine if a-acoustic diversity indices can reflect the abundance
and sound type richness of marine fish sounds.

2. Materials and methods

2.1. Experimental conditions
The a-acoustic indices were studied under three experimental conditions: a controlled
environment (with artificial tracks only), in situ playbacks (with artificial tracks played back

over natural sounds), and a natural environment (only with natural sounds) (Figure 39).
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Figure 39 Acoustic background variation depending on the environment: (A) controlled environment, (B)
in situ playbacks, and (C) natural environment. For all the spectrograms: files were subsampled at 4 kHz, FFT
= 256, window = Hann, overlap = 0.50.

2.1.1. Controlled environment

Trials were conducted in a large pool during the experiment presented in Bolgan et al.
(2018). We focused only on stimuli emitted by a single loudspeaker, which were recorded as
part of a broader experiment, but were not presented in the resulting article. An HT1-94 SSQ
hydrophone (High Tech INC; Long Beach, MS, USA; sensitivity =162 dB re 1 V pPa™?)
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connected to a USB A-D converter (Edirol U25-EX, 48 kHz, 16 bits) and controlled by a laptop
running Adobe Audition 3.0 (Adobe Systems Inc., Mountain View, CA, USA) was placed in
the middle of the pool (6 m x 9 m x 1.30 m) at 0.9 m from a UW-30 loudspeaker (Electrovoice,
Burnsville, MN, USA) attached to a GTA 260 amplifier (Blaupunkt, Hildesheim, Germany)
connected to a U25-EX USB D-A converter (Edirol, Hamamatsu, Japan) controlled by a laptop
running Adobe Audition 3.0 (Adobe Systems Inc., Mountain View, CA, USA), which produced
the sound stimuli (Figure 40A). The sound stimulus was a sound file (WAV format, 48 kHz,
16 bit) composed of 10 blocks of 2 min duration. The first block was white noise (WN) [396].
The other nine blocks had a known sound abundance and a known sound type richness (Table
SP5 - 1). Three ranges of sound abundance were tested: low (20 sounds min~t in total, regardless
of the number of sound types), medium (60 sounds min™t), and high (100 sounds min™?), as
well as three ranges of sound type richness: low (one sound type), medium (two sound types)
and high (three sound types, Table SP5 - 1) [396]. The sound types used were isolated fish calls
from three different species [396]. All the sounds had the same amplitude (see Bolgan et al.
(2018) for the complete procedure). Within each block, fish sounds were separated by white
noise (signal-to-noise ratio > 48 dB). The durations of the three sound types were equalized in

order to occupy the same period of time (for details, see [396]).
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Figure 40 Schematization of the experimental design. (A) Controlled environment. (B) In situ playbacks. (C)
Natural environment. Blocks are indicated by the gray cases. For A, within each block, fish sounds were separated
by white noise, while for B, they were separated by silence.
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2.1.2. In situ playback

Trials were conducted in December 2020 in coral reefs at Moorea Island (Temae lagoon,
French Polynesia; 17.50° S; 149.76° W, 2 to 4 m depth). This area was chosen because this part
of the lagoon has a reduced anthropophony because of the absence of a boat channel. The
loudspeaker was attached to a GTA 260 amplifier (Blaupunkt, Hildesheim, Germany)
connected to a DR5 recorder (TASCAM, Wieshaden, Germany) playing back the recorded
soundtrack. The soundtrack was a sound file (WAV format, 44.1kHz, 16 bit) composed of 9
blocks of 6 min duration each. Replicates were realized at five locations in the lagoon (Table
SP5 - 2). The sounds used in the playbacks were the same as those used in the experimental
design of the controlled environment (Table SP5 - 1). However, because the ambient noise of
in situ playbacks could vary between the beginning and the end of the session, each block was
composed of 3 min of silence followed by 3 min of sounds, thus allowing for pairwise
comparisons (Figure 40B). The order of the blocks was random and was always different from

one replicate to another.

A SNAP autonomous underwater acoustic recorder (Loggerhead Instruments, Sarasota,
USA; sensitivities of the hydrophones: —169.6 to —169.7 dB re 1 V for a sound pressure of 1
MPa, flat frequency response 2 Hz to 30 kHz, WAV format, 44.1 kHz, 16 bit) was placed on the
bottom at 1 m from a UW-30 loudspeaker (Electrovoice, Burnsville, MN, USA). It recorded
during the entire session to obtain acoustic recordings with both natural sounds (emitted by
fishes present on the reef) and sounds broadcasted by the loudspeaker. The signal-to-noise ratios
of the broadcasted sounds were overall equivalent to those of natural sounds. All the identifiable
discriminable near sources of fish sounds were selected and classified through visual and aural
inspection using RavenPro Sound Analysis Software 1.5 (Cornell Lab of Ornithology, Ithaca,
NY, USA). Then, the natural fish sound abundance (total number of sounds per minute) and

sound type richness (one value per minute) were calculated.

2.1.3. Natural environment

Acoustic recordings were collected in March 2018 on the external slope of Raroia Island
(French Polynesia) (S 16.02310°, W 142.46327°) during the study presented in Chapter 6.
Three SNAP autonomous underwater acoustic recorders (Loggerhead Instruments, Sarasota,
USA; sensitivities of the hydrophones: —170.5, —170.2 and —169.7 dB re 1 V for a sound
pressure of 1 puPa, flat frequency response 2 Hz to 30 kHz, WAV format, 44.1 kHz, 16 bit) were
deployed during three consecutive sunsets (05:00 PM — 06:59 PM) at —20 m, —60 m, and —120
m. A total of 108 recording files of 1 min were visually and aurally inspected with RavenPro
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Sound Analysis Software 1.5 (Cornell Lab of Ornithology, Ithaca, NY, USA) to assess the fish
sound abundance and sound type richness (Figure 40C). Fish sounds were classified into 45
different sound types (Chapter 6).

2.2. Acoustic indices of a-diversity

Fourteen a-acoustic diversity indices were calculated for tracks from the controlled
environment, in situ playbacks, and natural environment: two intensity indices, eleven
complexity indices, and one soundscape index. The used indices are summarized in Table 8,
along with their bibliographic references: (1) the peak-to-peak sound pressure level (SPLpp);
(2) the root mean square sound pressure level (SPLrms); (3) the amplitude index, calculated as
the median of the amplitude envelope (M = Al); (4) the bioacoustic index, which measures the
area under the power spectrum (Bl = Bio); (5) the temporal entropy (TE = Ht), which measures
the envelope complexity; (6) the spectral entropy (also named the Shannon spectral entropy and
Pielou’s evenness index, SE = S = Hs), which measures the spectral complexity; (7) the Gini
Simpson spectral entropy (also named the Simpson spectral entropy, Gini Simpson spectral
index, or Simpson spectral index, GS), which is derived from the spectral entropy; (8) the
acoustic entropy index (also named total entropy or acoustic entropy, H), which measures both
the envelope and spectrum; (9) the acoustic richness index (also named acoustic richness, AR),
which measures the envelope complexity and intensity; (10) the acoustic diversity index (ADI
=H”), which measures the spectrum complexity; (11) the acoustic evenness index (AEI = AEve
= AE), which applies the Gini index to a frequency spectrum; (12) the number of peaks in a
frequency spectrum (also named frequency peak number, NP); (13) the acoustic complexity
index (ACI); and (14) the normalized difference soundscape index (NDSI), which measures
the ratio between two frequency bands (Table 8 and Equation SP5 - 1 to SP5 - 5). All the indices
were calculated in R software version 3.6.1. (R Core Team, 2019) with the libraries seewave,

signal, sound, and soundecology. The functions used are detailed in Table 8.

2.3. Calculation of the indices
Prior to analysis, the files recorded by the hydrophone in the controlled environment were
subsampled at 44.1 kHz to be comparable with the soundtracks recorded during the in situ

playbacks, and in the natural environment.
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Table 8 a-Acoustic diversity indices calculated in this study.

Name Library Function Reference
Intensity indices
SPLpp Peak to peak sound pressure level

SPLrms Root mean square sound pressure level
Complexity indices

M Amplitude index = median of the amplitude Seewave M [376]
envelope
Bl Bioacoustic index = relative abundance Soundecology  bioacoustic_index  [375]
TE Temporal entropy Seewave Th [377]
SE (Shannon) spectral entropy Seewave Sh [377]
GS (Gini) Simpson spectral entropy Seewave Sh [377]
H Acoustic entropy index = total entropy Seewave H [377]
AR Acoustic richness (index) Seewave AR [376]
ADI Acoustic diversity index Soundecology  acoustic_diversity  [379,409]
AEI Acoustic evenness index Soundecology acoustic_evenness  [409]
NP Number of peaks Seewave fpeaks [382]
ACI Acoustic complexity index Seewave ACI [381]
Soundscape indices
NDSI Normalised difference soundscape index Seewave NDSI [383]

The indices were calculated for the 50 — 2000 Hz frequency band. For the NDSI, the so-
called ‘anthropophony band’ was the band of interest (fish sounds, 50 — 2000 Hz), while the
so-called ‘biophony band’ was the band occupied by benthic invertebrate snaps (mainly
snapping shrimps, 2.5 — 8.5 kHz). Out of the eleven tested complexity indices, specific settings
were necessary for three of them (ACI, ADI, and AEI). To examine the effect of the settings
on the ADI and AEI, the following frequency bandwidths and threshold were tested: 10, 50,
100, 500 and 1000 Hz; —10, —25, =50, and —75 dB. These tests were realized on the three
datasets (controlled, in situ playbacks, and natural environments). The effect of the settings was
not tested on the ACI because it had already been done by Bolgan et al. (2018). For the ADI
and AELI, two ‘optimal’ settings, obtained from the controlled environment, were kept because
one of them was more representative of the sound abundance, while the other was more
representative of the sound type richness. Consequently, the following settings were used for
the calculations: FFT window = 2048, window name = Hanning, size of frequency bands (for
the ADI and AEI) = step = 100 and 500 Hz, threshold (for the ADI and AEI) = -25 and —50
dB (referred to as ‘ADI_v1, ADI_v2, AEI vl, and AEI_v2’ throughout the document; v1 =
100 Hz and —50 dB and v2 = 500 Hz and —25 dB), overlap = 75%, number of windows (for the
ACI) =120 for 1 min files and 360 for 3 min files.

The indices were calculated for each file, i.e., each block from the controlled environment
(Figure 40), five replicates of each block for the in situ playbacks, and 108 files of 1 min for
the natural environment (Figure 40). In addition, for the in situ playbacks, a second analysis

was realized: the indices were calculated for each ‘background block’ (i.e., natural acoustic
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environment without playbacks) and for each ‘playback block’ (i.e., blocks with both natural
acoustic environment and playback sounds) from each replicate. Then, the values from each
‘background block’ were subtracted from those of the adjacent ‘playback block’ to obtain a
delta, referred to as ‘delta sounds’ throughout the document. For graphical visualization, the

deltas of all the replicates were averaged together.

2.4. Graphical representation and statistics

The values of the different indices were standardized between 0 and 1 with the formula
‘standardized(x) = [(x — min(x)) (max(x) — min(x)) !]’. These standardized values were plotted
as ‘bubble graphs’. Standard Z-scores greater than |3| were considered as outliers. The
correlation between each index with both the sound abundance and the sound type richness was
assessed using Spearman's rank correlation p with the associated p-values corrected with the
Benjamini-Yekutieli method. This method was used rather than the Benjamini-Hochberg
method because of the non-independence of the tests. Then, the coefficient of multiple
correlation (R) was calculated for each index (Equation 1). For the in situ playbacks, both the
artificial abundance/richness (from the stimuli) and the total abundance/richness (including
both stimuli and natural sounds) were examined.

2 _ P+ P —2PaiPaiPaa
Ri,a,d - 1— PZ
a,d

Equation 1 Calculation of the coefficient of multiple correlation (R). i = index; a = sound abundance; d = sound
type richness.

3. Results

3.1. Controlled environment

In the controlled environment, no index was significantly correlated with the sound type
richness (Table 9). The ACI, GS, H, and SE showed positive correlations with the sound type
richness that were, however, not statistically significant (Table 9). The ADI, M, and TE were
strongly correlated with the sound abundance (p = 0.95, 0.90, and 0.90, P = 0.0062, 0.036, and
0.036), while a negative correlation was observed for the AEI (p = —0.95, P = 0.0062, Table
9). The correlation between sound the abundance and ADI was observed with a threshold of
—50 dB, but not with smaller (=10 or —25 dB) or higher thresholds (—75 dB) (p = 0.95,
P =0.0044, Table SP5 - 3). No effect of the step (i.e., the size of the frequency bands) was
observed. No correlation was observed with the default settings. The same results were obtained
for the AEI (Figure 41, Table SP5 - 4).
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Table 9 Correlation coefficients and associated P-values between a-acoustic indices, sound abundance, and
sound type richness in the controlled environment. Statistically significant P-values are in bold. Both = both
abundance and richness. BY = Benjamini Yekutieli.

20

9

I
o

[E:orrelatlon R Non-adjusted P BY-adjusted P
Abundance Richness Both Abundance Richness Abundance Richness
ACI —0.05 0.84 0.84 0.89 0.0043 1.00 0.11
ADI v1 0.95 0.11 0.96 < 0.0001 0.79 0.0062 1.00
ADI v2 0.32 0.58 0.66 0.41 0.10 1.00 1.00
AEIl v1 —-0.95 -0.16 0.96 < 0.0001 0.68 0.0062 1.00
AEI v2 —-0.32 —0.58 0.66 0.41 0.10 1.00 1.00
AR 0.19 0.48 0.52 0.63 0.19 1.00 1.00
Bl 0.37 0.26 0.45 0.33 0.49 1.00 1.00
GS —-0.16 0.74 0.76 0.68 0.023 1.00 0.38
H 0.16 0.69 0.71 0.68 0.042 1.00 0.60
M 0.90 0.32 0.96 0.0011 0.41 0.036 1.00
NDSI -0.32 —-0.63 0.71 0.41 0.07 1.00 0.80
NP -0.74 —-0.16 0.76 0.022 0.68 0.38 1.00
SE -0.21 0.79 0.82 0.59 0.011 1.00 0.24
SPLpp 0.05 0.63 0.63 0.89 0.07 1.00 0.80
SPLms 0.47 0.42 0.63 0.20 0.26 1.00 1.00
TE 0.90 0.32 0.96 0.0011 0.41 0.036 1.00
A
100 0 0 0 100 0 (*)

Q Q

- 900 I o

2 2 :

< < 0

1

Sound type richness

900 -

2
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Sound type richness

Figure 41 Bubble graph for the standardized AEI as a function of the sound abundance and sound type
richness. (A) Step = 1000 Hz, threshold = —50 dB; (B) step = 500 Hz, threshold = —25 dB. Range: between 0 and
1. This figure highlights the importance of the settings. In panel A, the sound type richness does not affect the AEI,
while the contrary is shown in panel B.

3.2. In situ playback

In the in situ playbacks, M and TE were both correlated with the play back sound abundance
(both p =0.82, both P <0.0001; Table SP5 - 5), and total sound abundance (i.e., playback and
natural fish sounds) (p = 0.84 and 0.80, both P < 0.0001; Table 10). In contrast, NP was
negatively correlated with the total sound abundance (p = —0.56, P = 0.0032; Table 10). When

considering the ‘delta sounds’, only M was correlated with the sound abundance (p =0.90, P <
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0.0001; Table SP5 - 6). In all cases, the ADI never correlated with the sound abundance or
sound type richness (Table SP5 - 7, Table SP5 - 8, and Table SP5 - 9). Similar observations
were obtained for the AEI, but with negative signs (Table SP5 - 10, Table SP5 - 11, and Table
SP5 - 12).

Table 10 Correlation coefficients and associated P-values between a-acoustic indices, sound abundance, and
sound type richness per minute (natural + played back) for the in situ playbacks. Statistically significant P-

values are in bold. Both = both abundance and richness; BY = Benjamini Yekutieli. The correlation between the
sound abundance and sound type richness was almost null (p = 0.045).

pCorreIatlon R Non-adjusted P BY-adjusted P
Abundance Richness Both Abundance Richness Abundance Richness

ACI —0.28 0.38 0.48 0.063 0.011 0.85 0.35
ADI vl 0.21 0.26 0.33 0.16 0.082 1 0.97
ADI v2 -0.17 —-0.16 0.23 0.27 0.29 1 1
AEI v1 —0.22 -0.23 0.31 0.14 0.13 1 1
AEI v2 0.20 0.13 0.23 0.20 0.39 1 1
AR —0.28 —0.057 0.28 0.066 0.71 0.85 1
Bl 0.058 —-0.30 0.31 0.71 0.047 1 0.76
GS —-0.32 0.018 0.32 0.034 0.91 0.73 1
H —-0.15 0.18 0.24 0.31 0.25 1 1
M 0.84 0.047 0.84 <.0001 0.76 <.0001 1
NDSI -0.14 —-0.18 0.23 0.35 0.24 1 1
NP —0.56 —0.076 0.56 <.0001 0.62 0.0032 1
SE —0.31 0.14 0.35 0.039 0.35 0.73 1
SPLpp_ —0.0055 —-0.041 0.042 0.97 0.79 1 1
SPLrms_ —0.16 -0.31 0.34 0.31 0.039 1 0.73
TE 0.80 —-0.0077 0.80 <.0001 0.96 <.0001 1

3.3. Natural environment

In the natural environment, when considering the optimal settings, no index showed any
statistically significant correlation with the sound abundance (Figure 42, Table 11). Four indices
(ADI_v1, NP, SPLrms and TE) were negatively correlated with sound type richness (p =—0.43,
—0.52, —0.35, and —0.57, all P < 0.001), while six indices (ACI, AEI_v1, BI, M, NDSI, and
SPLpp) were positively correlated with the sound type richness (p = 0.53, 0.43, 0.36, 0.55, 0.35,
0.47, all P <0.05; Figure 42, Table 11). In the natural environment, sound abundance and sound
type richness were not independent (p = 0.53, P < 0.0001). When considering a broader range
of settings, the ADI was positively correlated with the sound abundance (p = 0.33 to 0.34, all
P < 0.006), but only with a low threshold (—10 dB) and low step values (10, 50 and 100 Hz).
With this low threshold (—10 dB), a positive correlation with the sound type richness was found
(p =0.29, P = 0.031), but only with low step values (10 and 100 Hz). In contrast, with high
thresholds (—50 and —75 dB), the correlations between the sound type richness and ADI were
generally all negative (—0.51 <p <—0.34, all P < 0.004) (Table SP5 - 13). Similar results were
obtained for the AEI (Table SP5 - 14). When using a low threshold (—10 dB) with low step
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values (10, 50, and 100 Hz), the AEI appeared to be negatively correlated with the sound
abundance (p = —0.32, P = 0.012), while with higher thresholds, it was generally positively
correlated with the sound type richness (0.36 <p <0.51, all P <0.004) (Table SP5 - 14).

Table 11 Correlation coefficients and associated P-values between a-acoustic indices, sound abundance, and

sound type richness in the natural environment. Statistically significant P-values are in bold. Both = both
abundance and richness; BY = Benjamini Yekutieli.

Correlation ) )
; = Non-adjusted P BY-adjusted P

Abundance Richness Both Abundance  Richness  Abundance Richness
ACI 0.060 0.53 0.60 0.54 < 0.0001 1 < 0.0001
ADI_v1 —0.066 -0.43 0.47 0.50 <0.0001 1 <0.0001
ADI_v2 —0.018 0.10 0.14 0.85 0.28 1 1
AEIl_v1 0.066 0.43 0.47 0.50 < 0.0001 1 <0.0001
AEIl_v2 0.038 -0.10 0.15 0.70 0.30 1 1
AR -0.15 —0.024 0.17 0.12 0.81 0.95 1
BI 0.13 0.36 0.37 0.19 0.0001 1 0.0016
GS 0.073 0.27 0.29 0.45 0.0043 1 0.051
H 0.014 0.092 0.10 0.89 0.35 1 1
M 0.21 0.55 0.55 0.030 <0.0001 0.30 <0.0001
NDSI 0.031 0.35 0.40 0.75 0.0002 1 0.026
NP -0.21 —0.52 0.52 0.029 <0.0001 0.30 <0.0001
SE 0.055 0.19 0.20 0.57 0.043 1 0.40
SPLpp 0.018 0.47 0.54 0.86 <0.0001 1 <0.0001
SPLrms 0.16 -0.35 0.54 0.11 0.0002 0.93 0.0026
TE -0.13 —-0.57 0.60 0.20 <0.0001 1 <0.0001
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Figure 42 Scatterplots of the indices as a function of the sound abundance or sound type richness, in the
natural environment. (A) AR and (B) Bl as a function of the sound abundance (logarithmic scale). (C) ADI_v2
(step = 500 Hz, threshold = —25 dB), (D) AEI_v2 (step = 500 Hz, threshold = —25 dB), (E) ACI, and (F) SPL,, as
a function of the sound type richness. Regression lines are presented for cases where a significant correlation was
observed.
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4. Discussion

The aim of this study was to determine whether, and how, a-acoustic diversity indices, which
are easily and rapidly applicable on large datasets, discriminate between the sound abundance
and sound type richness of coastal marine fish sounds, and whether they are appropriate as

proxies of species diversity for environmental monitoring.

4.1. Use of a-acoustic diversity indices to assess sound abundance and sound type
richness

In both the controlled environment and in situ playbacks, no index was correlated with the
sound type richness. M and TE were correlated with the sound abundance in both the controlled
environment and with in situ playbacks. Similarly, the ADI and AEI were also correlated with
the sound abundance, but only in the controlled environment. In the natural environment, the
opposite was observed: no indices were correlated with the sound abundance, but many (ACI,
ADI, AEI, BI, M, NDSI, NP, SPLrms, SPLpp, and TE) were correlated with the sound type

richness. These results are therefore contradictory and can lead to misinterpretation.

The controlled experiments showed that the indices were correlated with the sound
abundance but not with the sound type richness, implying that they are sensitive to the number
of sounds but are not capable of distinguishing the different types of fish sounds. In the in situ
playbacks, the indices were not able to capture those differences, both in terms of the sound
abundance and sound type diversity of the played-back and naturally occurring fish sounds.
This is of critical importance, because it clearly shows that indices are incapable of discerning
subtle modifications of a subset of a soundscape (i.e., fish frequency band), being intended,
rather, to describe soundscape phenomena over a wide and often diverse frequency bandwidth.
The disappearance of a species or the arrival of an invasive species within the fish frequency
band would therefore be difficult to assess, unless it produced mass phenomena. Marine coastal
soundscapes are always noisy and distinct from terrestrial soundscapes because they show
limited frequency partitioning. In contrast, in terrestrial soundscapes, frequency partitioning is
often linked to species or a group of animals (Figure 43) [410]. Coastal biological soundscapes
are dominated by a broad band range (> 30 kHz) of short transient snaps of invertebrates, with
a low frequency resolution [277] and a narrow (< 2 kHz) low-frequency band occupied mainly
by fish sounds. Coastal soundscapes, especially in coral reefs, are therefore characterized by
mass biophonic phenomena with little frequency partitioning (Figure 43).
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In some terrestrial environments, indices are not suitable for biodiversity monitoring without
prior removal of biasing sounds, such as the anthropophony [394] or anuran sounds in tropical
forests [411]. In a study on terrestrial soundscapes conducted in Japan, the comparison between
acoustic indices and acoustic richness (i.e., the number of different sounds produced by
animals) under different sonic conditions (e.g., presence or absence of wind, rain, and
anthropophony) revealed that only two (AR and TE) out of the eleven tested indices reflected
the measured richness across all the sonic conditions. Moreover, none of these indices
correlated with the measured richness when masked by broadband insect stridulations [412]. In
our study, the indices were affected by background noise (Figure 39). In coral reefs, the major
contributor to background noise is the biophony, such as sounds from snapping shrimps that
are always present [24,70]. Although their peak frequency is above 2 kHz, these sounds are
usually broadband sounds and overlap the fish band (0.05 — 2 kHz). These broadband sounds
affect indices, particularly those detecting peaks, such as NP. In addition, in coral reefs, a
diurnal ‘background noise’ band around 400 to 500 Hz is present and composed of transient
short pulses attributed to Pomacentridae sounds (Figure 39 and Chapter 6) [246]. This mass
phenomenon in the fish band influences the indices. In the Polynesian Islands, the intensity of
this “fish noise’ was higher in shallow reefs than in deeper reefs (Chapter 6), but the indices did
not show the same trends depending on the depth. For example, the ACI and SPLpp, which
were positively correlated with the sound type richness, were higher at shallow depths, while
the contrary was found for the SPLrms, which was negatively correlated with the sound type
richness. The indices that were positively correlated with the sound type richness, i.e., the
number of fish sound types that were clearly identified and into which the detected sounds were
classified, did not reflect this sound type richness, but they did quantify biological mass
phenomena (e.g., the Pomacentridae sounds in shallow reefs). Consequently, none of the
acoustic indices tested can inform on fish acoustic diversity. Even a combination of indices
[413] within such a small, poorly stratified frequency band dominated by biophonic background
noise cannot inform on fish sound acoustic diversity because it is not suitable for depicting

subtle changes in sound types.
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Figure 43 Difference between terrestrial and coastal marine soundscapes. (A) Spectrogram in a savanna
(Courtesy Bernie Krause. © 2021 Wild Sanctuary. All Rights Reserved [410]); (B) a coral reef dominated by
broadband transient sounds mainly produced by snapping shrimps; (C) zoom-in of the low-frequency part (0 — 2
kHz) of the spectrogram, dominated by fish sounds (subsampled at 4 kHz, FFT = 256).

In addition, there was no correlation between most of the indices and the measured sound
abundance in the natural environment. This is because the number of sounds in the background

noise was higher than the number of sounds manually selected to measure the abundance and

130



richness, i.e., those with a high signal-to-noise ratio allowing for the identification and
classification of sounds into types. When testing the settings of the ADI and AEI, the only
threshold that showed a link with the sound abundance was —10 dB, while in the controlled
environment, this threshold was —50 dB, which implies an influence of the presence of mass
acoustic phenomena. Moreover, to establish a link with the sound abundance the ADI and AEI
frequency bands (i.e., steps) had to be small (bandwidths of 10 to 100 Hz). Small bands also
better correlated with the sound type richness, but both positively and negatively depending on
the threshold. However, indices that work on frequency bands, such as the AEI or ADI, are
appropriate when soundscapes are divided into bands, which is not the case in marine coastal
soundscapes (or only partly the case). Indeed, coastal marine soundscapes, contrary to terrestrial
soundscapes, are generally divided into a few overlapping bands: a low-frequency band (mainly
fish sounds, some crustacean sounds, and sometimes whale sounds) and a high-frequency band
(broadband transient sounds, and occasionally small cetacean sounds) (Figure 42). The band
occupied by fish sounds (mainly below 2 kHz) is narrow and shows little frequency partitioning.
Contrary to terrestrial environments, frequency bands in coastal marine soundscapes provide

only poor ecologically relevant information on diversity.

Moreover, the use of the tested indices to assess fish sound diversity is problematic because
fish sounds are typically drum-like sounds, of similar frequencies, composed of pulses or
(pseudo-)harmonic sounds. If the frequency bands chosen in the settings are too small, such
sounds would be detected in several bands. Bands would therefore ‘decompose’ a sound type
in different bands but would not be representative of different fish sound types. The type of fish
sounds (e.g., knocks and herbivorous sounds vs. grunts, buzzes, and chirps) has been shown to
impact some indices’ values [396,404]. Similarly, in fish and frogs, indices have been suggested
to be more limited with harmonic sounds than with single-pulsed sounds [396,414]. Therefore,
as dominating fish sounds are not the same everywhere, this can impact the indices and
comparisons between sites. For example, in French Polynesia, the proportion of pulse series is
known to vary between the photic and mesophotic reefs (Chapter 6). Therefore, caution is

needed when comparing the values of indices from one environment to another.

These different considerations lead to the conclusion that acoustic indices are not appropriate
for studying fish sound diversity in marine coastal environments such as coral reefs. Indices,
for example, may be used to report on the anthropophony, to study the geophony, to focus on
high-frequency sounds produced by benthic invertebrates, or to study fish mass phenomena,
but such usage was not inspected in the present study.
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4.2. Effect of the settings

In this study, the use of manually chosen settings compared to default settings considerably
increased the values of the correlations. Depending on the settings used, indices such as the
ADI or the AEI could be correlated with the sound abundance or with the sound type richness.
In addition, the sign of the correlation changed depending on the settings, and more importantly,
the threshold used: low (around —10 dB) or high (under —50 dB). The same observations were
made by Bohnenstiehl et al. (2018) with the ACI. They found negative correlations between
the ACI and sound abundance of harmonic fish calls with a low frequency resolution (47 — 94
Hz), and positive correlations with a high frequency resolution (23 Hz). This is in agreement
with other studies showing the high sensitivity of the ACI to settings such as the frequency
resolution [396,404]. When comparing the results of the controlled experiment in this study
with those reported in 2018 for similar tracks [396], the correlation between the ACI and the
sound abundance is completely different (p = 0.66 vs. p = —0.05). The differences could be due
to slight changes in the softwares used (R vs. SoundscapeMeter [415]), which measure different
ACI metrics (e.g., ACIs vs. AClwt) and allow slightly different settings (e.g., presence or
absence of a noise filter). In addition, the settings that allow the best representation of the sound
abundance and sound types richness vary depending on the environment, e.g., temperate seas
vs. coral reefs [404]. This high sensitivity of the settings would pose a risk if acoustic diversity
indices were to be widely used for habitat management or for informing on marine spatial

planning.

4.3. Comparison of the different indices

TE was one of the two indices correlated with the sound abundance in both the controlled
environment and in situ playbacks. In the natural environment, this index was the most impacted
by biological ‘background’ noise (i.e., the highest correlation observed with the sound type
richness). The higher performance of TE compared to other indices and the impact of
background noise have been underlined in terrestrial environments too [412]. TE is known to
perform well in the presence of a geophony [412] and anthropophony [376,412], which appear
as temporally invariable low-frequency patterns in the soundscape [381]. On the other hand,

TE is known to be affected by background noise, the sound duration, and overlap [416].

Correlations between H and the fish sound type richness were not observed, not even in the
natural environment, where many of the indices were impacted by biological ‘background’
noise. Similar observations were made in temperate reefs [403]. These results are not caused

by the absence of a link but by the intrinsic calculation of the index. H is designed to have low
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values for pure tones and high values for almost silent soundscapes or, on the contrary, noisy
soundscapes across frequency bands. In the in situ playbacks, the values of H were always
higher when the loudspeaker was silent. In addition, when the number of sound types emitted
by the loudspeaker was increased from 1 to 2, H increased, but when the number of sounds was
increased from 2 to 3, H decreased (Figure SP5 - 1). This was observed for all the sound
abundances tested. This shows that this index is not representative of the sound type richness

because there is no linear relation between them.

The ADI and AEI were only correlated with the sound abundance in the controlled
environment. In Indonesian coral reefs, the ADI and AEI were correlated with fish species
richness (19% to 24% of the deviance explained), when calculated for a higher-frequency band:
1.2 — 11 kHz [406], which is the frequency band covered by benthic invertebrates’ snapping
sounds [417] (Chapter 3). Similar to what is observed with H, low values of the AEI could
relate to a near-silent, saturated, or windy terrestrial soundscape, while high values of the ADI
could relate to a completely silent or a noisy soundscape.

At low frequencies (band: 0.1 — 1.2 kHz), Peck et al. (2021) found that only the ACI was
affected by fish abundance (38% of the deviance explained). However, the use of the ACI in
coral reefs is known to be impacted by a masking effect [404], for example, in chorus events
[398]. Therefore, a single fish species can have a considerable effect on indices because they
respond to mass phenomena [396,398]. Moreover, when considering higher-frequency bands,
typically dominated by snapping shrimps’ broadband sounds, indices such as the ACI saturate
at high snap rates [405].

Using simulated bird recordings, Gasc et al. (2015) showed that some indices are affected
by the sound duration in comparison to the file duration (S/R ratio; H, SE, TE, M, and ACI),
background noise (H, SE, TE, M, AR, and ACI), type of sound (NP and ACI), relative
amplitude (AR), and overlap (H, SE, TE, M, and ACI) [418]. Therefore, to correctly reflect
the acoustic biodiversity, particularly of a group of animals, indices should be insensitive to the
(1) S/R ratio, (2) background noise, (3) type of sound (i.e., should be equally sensitive to
different types of sounds (e.g., pulse series vs. upsweeps)) , (4) relative amplitude of the sounds
and (5) sound overlap [418].
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5. Conclusions

In coral reefs, which are hotspots of biodiversity, indices do not appear to be suitable for
inferring information on fish acoustic diversity, because they are affected by naturally highly
abundant sounds. In this sense, indices rather describe mass phenomena, and thus the activity
of a group of sound-producing organisms (e.g., Pomacentridae or snapping shrimps), that are
limited in diversity. Overall, this study clearly suggests that the use of acoustic indices to study

fish sound diversity is inappropriate.
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MAJOR RESULTS

Fish sounds description

v The most abundant fish sound type recorded in the study was an arched sound (AS) referred to as AS4, which appeared as
pseudo-harmonic arched sounds in spectrograms.

¥v" Among the frequency-modulated (FM) sounds, the most abundant sound types were DS1, US1, and CS1.

v The pulse series (PS) stricto sensu category included at least 25 different sound types. It comprised seven sound types
characterized by an average pulse period between 19 and 40 ms, grouped as Fast Pulse Train (FPT) sounds.

Influence of depth and island type on sound abundance

v Acoustic fish community composition differed between depths, with PS sounds dominating at 20 m and AS and FM sounds
being more abundant at 120 m.

¥ The abundance of certain sound types ncreased with depth, while others decreased.

¥ The number of AS4 sounds increased with depth, along with their signal-to-noise ratio and bandwidth, suggesting they are
mainly produced in the deep part of the reef.

Shannon acoustic diversity

v The highest Shannon acoustic diversity was found at 20 m at Moorea. The lowest diversity was observed at 60 m at
Rangiroa.

v For most islands, the Shannon acoustic diversity decreased between 20 and 60 m. However, the trend varied between 60 and
120 m.

v The overlap of a-diversity was higher between 60 and 120 m compared to the overlaps between 20 and 60 m or between 20
and 120 m. This indicates stronger similarities between mesophotic environments. Atolls generally showed a higher within

island-type overlap than high islands.

Fish sound types community composition

v The similarity statistic revealed that comparing depths of 20 and 60 m had higher similarity within sites compared to
comparing depths of 60 and 120 m.

v Depth had the strongest influence on acoustic community. The type of island also had a significant but lesser effect. Certain
sound types were associated with specific depths or island types.

v The CCA revealed that the acoustic community composition, based on sound types, was influenced by depth and the type of
island, with benthic cover features explaining the variation in acoustic communities at different depths and islands.

Key question for the objective of the thesis

How does the discriminable near sources of the biophony vary along a depth gradient?
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Abstract

Mesophotic Coral Ecosystems remain largely unexplored. The aim of this study was to
determine how the acoustic fish biodiversity varied depending on the depth and the type of
island in six Polynesian islands. The link between benthic cover and fish sound diversity was
established. In most islands, acoustic fish a-diversity decreased between 20 and 60 m but not
between 60 and 120 m. Fish sound types community composition was more driven by depth,
likely due to benthic coral cover differences, than by the type of island. These results show fish
sounds exhibit a bathymetric stratification and can reflect different habitat features. It opens

perspectives in the monitoring of mesophotic coral ecosystems using passive acoustics.

138



1. Introduction

Coral reefs are one of the biggest biodiversity hotspots on Earth. However, species richness
and diversity are not homogeneous in coral reefs as they vary depending on the depth [108] and
the type of island, i.e. coral atolls (also named low islands) or high islands (volcanic island
surrounded by a barrier reef) [419].

Light-dependent coral reefs can be divided into shallow-water coral reefs (between the
surface and 30/40 m) and Mesophotic Coral Ecosystems (MCEs) [105] that extend from
30/40 m to/over 150 m [106-108]. The lower limit is defined as the maximum depth at which
there is sufficient sunlight to support photosynthesis and, consequently, the growth of
zooxanthellate hermatypic corals [109,110]. Contrarily to shallow-water coral reefs, the
ecology and population dynamics of MCEs remains largely unknown because they are not
easily accessible to humans [108]. MCEs are, however, thought to serve as refuges for different
reef species and could contribute to the recovery of photic reefs [109,111]. Depth gradients in
coral reefs are described for fish assemblages. Upper (30 to 60 m) mesophotic fish communities
share similarities with shallow-water (surface to 30 m) coral reef communities [105,420], while
the lower mesophotic zone (between 60 and 150 m) has unique fish assemblages [105,421].
The faunal shift between the upper and lower MCEs fauna is generally found between 60 and
90 m [107,108,421].

Differences in coral cover and fish assemblages have also been reported in relation to the
type of island [419]. In Polynesian atolls, the barrier reef appears to be divided into an upper
slope made of a succession of spurs and grooves followed by a sloping terrace, and a lower
slope which is more steeply inclined [122]. In high islands, the profile is more variable because
of more recent volcanic formations [122]. Generally, it is divided into three parts: (1) the upper
slope (until 30 m) containing spurs, grooves, terraces, buttresses; (2) a less inclined slope
(between 30 and 70 m) of variable nature (predominantly hard bottom coral substrate or a sandy
plain); and (3) a steep slope or drop off with a higher inclination (bellow 70 m) [122]. The
substrate is important since most fish species between 30 and 70 m are found where hard
substrates are dominant, while the central sandy part of the slope has low fish diversity and
abundance [123,422].

French Polynesia extends over 5 million km? [112,113] and is divided into five archipelagos:
Austral, Gambier, Marquesas, Society and Tuamotu Islands. Some islands are coral atolls, like

all the islands in the Tuamotu Archipelago [117], while most islands from other archipelagos
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are high islands [122]. The majority of the Polynesian coral reef research is focused on the
shallow part of the islands of the Society Archipelago and regions of the Tuamotu Archipelago
[117,122]. Like in other parts of the world, little is known about MCEs. This is particularly true
below 80 m [122], where descriptions are generally limited to bottom relief. Only sparse
information is available on the fish communities at these depths. Reefs are often named ‘choral
reefs’ because their shallow parts are known to be acoustic hotspots [57,138,141]. Many fish
species from the photic reef are known to be vocal [21,138-140], and there are indications that
deeper habitats (75 to 90 m) also host vocal fish species [157]. Therefore, passive acoustics
could be used as a proxy to investigate fish communities [138,163,164] in deeper reefs.
However, despite being a useful tool to study the diversity of fish assemblages, there is little
knowledge on the association between acoustic diversity with depth, the type of island or

benthic cover features in coral reefs.

The aim of this study is to describe the acoustic fish biodiversity from the photic reef to the
MCE in six Polynesian locations, i.e., three atolls (Rangiroa, Raroia, and Tikehau) and three
high islands (Bora Bora, Mangareva, and Moorea), to determine if and how the acoustic fish
biodiversity varies depending on the depth (20, 60 and 120 m), the type of island, and how this
is related to habitat features.

2. Materials and methods

2.1. Sampling

Data sampling was conducted between March 2018 and April 2019 in six Polynesian islands
from three archipelagos: Society Islands, Gambier Islands and Tuamotu Islands (Figure 44A,
Table SP6 - 1). Three islands were high islands (Bora Bora, Moorea, and Mangareva) and three
were atolls (Rangiroa, Raroia, and Tikehau) (Figure 44B, Table SP6 - 1). The sampling was
realized by deep divers from Under the Pole Expeditions (Concarneau, France). At each island,
three different depths were sampled simultaneously on the external slope of the reef, one in the
photic reef (20 m) and two in the mesophotic reef (60 m and 120 m) (except at Mangareva,

where only 20 m and 60 m depths were sampled).
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A. Central part of French Polynesia: Society, Tuamotu and Gambier Archipelagos
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Figure 44 Location of sampling sites (A) Central part of French Polynesia: Society, Tuamotu, and Gambier
Archipelagos. (B) Bora Bora, (C) Gambier Archipelago with Mangareva in the center, (D) Moorea (these three
islands are high islands), (E) Rangiroa, (F) Raroia, and (G) Tikehau (these three islands are atolls). Yellow stars
indicate sampling sites. Images from SIO, NOAA, U.S. Navy, NGA, GEBCO 2021 Maxar Technologies Data
LDEO-Columbia NSF, NOAA 2021 CNES / Airbus.

At each depth, an autonomous underwater long-term acoustic recorder SNAP (Loggerhead
Instruments; Sarasota, FL, USA) connected to a HTI96 hydrophone (sensitivities: —170.5,
—170.2 and —169.7 dB re 1 V for a sound pressure of 1 pPa, flat frequency response from 2 Hz
to 30 kHz) was deployed during 72 h. The recorders were attached vertically to the pole of a 4
kg weighted tripod structure (60 cm high) placed on the sea bottom. All the recorders were
scheduled to record sounds for 1 minute every 10 minutes at a sampling rate of 44.1 kHz (16-

bit resolution), with a + 2.05 dB gain.
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In addition, for each island, a total of 90 photo-quadrats (i.e., 30 quadrats per depth) 0.75 x
0.75 m? were realized during each deployment (Figure SP6 - 1) and used to characterize the
benthic cover. The benthic cover was divided in 16 categories: (1) sand, (2) dead coral, (3)
rubble, (4) consolidate substrate, (5) scleractinians, (6) black coral and gorgonians, (7)
hydroids, (8) Anthoathecatae, (9) encrusting sponges, (10) non encrusting sponges, (11) turf,
(12) calcifying algae, (13) fleshy algae, (14) macroalgae including Halimeda algae, (15)
encrusting algae and (16) other sessile invertebrates. Values of the quadrats (percent cover) of
each of these categories were averaged to obtain mean values for each depth and each island.
Finally, temperature was sampled with a MIDAS CTD (Valeport; Totnes, UK) between the
surface and 130 m at all the islands except for Mangareva. The thermocline was generally
between 60 and 120 m (Figure SP6 - 2).

2.2. Fish sounds selection

The audio files were subsampled at 4 kHz in order to focus on the low-frequency (0 — 2 kHz)
part of the sound files, because fish are known to vocalize in this frequency band [58]
(Chapter 3). Because sunset is the time of the day with the highest acoustic activity of
Polynesian coral reef fishes (Chapter 3) and sound type identification is time-consuming,
inspection of the files was focused on the hours of civil sunsets only (measured at Faanui,

Papeete and Rikitea; https://www.sunrise-and-sunset.com/fr/). Files from three consecutive

days were therefore visually and aurally inspected between 05:00 PM and 07:00 PM using
RavenPro Sound Analysis Software 1.5 (Cornell Lab of Ornithology; Ithaca, NY, USA).

Fish sounds were classified into categories (referred to as sound types) with a dichotomous
key (see KeySP6 - 1) based on qualitative and quantitative acoustic properties [163]. A sound
type is defined as a category that contains sounds that share similar acoustic features. On the
one hand, a sound type is likely usually produced by one species and/or contain sounds from
multiple, sometimes closely related species. On the other hand, different sound types could also
be produced by the same species [143,150,423,424].

2.3. Fish sounds description

A detailed description of ten sounds with a good signal-to-noise ratio allowing sounds to be
characterized was realized for each sound type. Measurements were conducted on oscillograms
and power spectra with Avisoft SAS Lab Pro (Avisoft Bioacoustics; Glienicke/Nordbahn,
Germany). For each sound, the following features were manually measured: total duration of
the sound (ms), peak frequency (Hz), number of pulses and pulse period (ms); (pseudo-)
harmonic interval (if applicable, Hz), i.e., the frequency range between two consecutive
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harmonics or pseudo-harmonics (i.e., a harmonic of the amplitude-modulated function);
frequency interquartile interval (Hz); or presence of several peaks in the power spectra (if
applicable). In addition, the 90% frequency bandwidth (BW, in Hz) was measured on the
spectrograms on RavenPro Sound Analysis Software as the difference between the 5% and 95%
frequency of the signal selection. For each sound type, the mean value and the standard

deviation (SD) of the features were calculated.

2.4. Influence of depth and island type on sound abundance

To assess differences in fish sound abundance related to depth, the relative abundance (%)
and the number of fish sounds (sounds per hour) of each sound types were compared between
the three depths (20 m, 60 m, and 120 m) and the six islands. Normality and homoscedasticity
were tested with Shapiro-Wilk and Bartlett tests. Kruskal-Wallis tests (KW) with Dunn’s post-
hoc tests with a Benjamini—Hochberg correction were used to compare BW of three sound types
between the three studied depths. All statistics were realized using the R software version 3.6.1.
(R Core Team 2019) and the significance level was o = 0.05.

2.5. Shannon acoustic diversity

The Shannon index of acoustic a-diversity was determined based on the established sound
type repertoire for each depth of each island. Three temporal replicates for each recording
position were used (sunset of day 1, day 2 and day 3) (library vegan, function Shannon). Then,
the overlap of a-diversity was determined between the three depths and between the three pairs
of depths to investigate acoustic similarities between depth ranges. The overlap is a
measurement based on a ratio of a-diversity over y-diversity [425].

To test whether the Shannon acoustic diversity differs between depths and the types of
islands, an analysis of variance was performed (function aov). Depth (20, 60 or 120 m) and the
type of island (atoll or high island) were set as factors nested within seasons (i.e., the period of
sampling: March/April or September/October, Table SP6 - 1). Diagnostic plots were used to
verify assumptions. Because temperature data was not available for all the islands, the effect of
temperature could not be tested, but it was discussed, as it is known to influence fish assemblage

composition [426].

Finally, to test the influence of benthic cover features on Shannon acoustic diversity, a linear
model was used. Only influencing benthic cover variables were included in the model and

chosen using a forward stepwise method based on the AIC [427].
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2.6. Acoustic community composition

Acoustic community composition was compared using Bray—Curtis distance matrices
(function vegdist) that quantify the dissimilarity between two sites based on counts of each
sound type at each site [428]. For all the tests, a log-standardization was used to reduce the
influence of abundant sound types. The dispersion was calculated (function betadisper) and
permutation based-tests of multivariate homogeneity of group variances were implemented on

the results.

2.6.1. Similarity of acoustic communities

The similarities in acoustic fish community composition between depths (20, 60 and 120 m)
and types of islands (atolls vs. high islands) were tested using analyses of similarities (function
anosim, number of permutations: 999). Significant differences between groups were tested
based on the Bray-Curtis dissimilarity matrices. The anosim statistic R, i.e., the metric
quantifying similarities between groups, was determined by examining the mean ranks of the
dissimilarities both between groups (rg) and within groups (rw) and was calculated as R = (rs —
rw) divisor * with divisor calculated to obtain R in the interval [-1, 1]. Positive R values indicate
more similarity within groups, null values indicate random grouping, and negative R values

indicate more similarity between than within groups [429].

2.6.2. Influence of depth and island type on the acoustic community composition

To test whether the acoustic community composition differs with depth and the type of
island, permutational multivariate analyses of variance (PerMANOVA) based on the calculated
distance matrices were carried out (function adonis) [430]. Depth (20, 60, or 120 m) and type
of island (atoll or high island) were set as factors, islands (Bora Bora, Mangareva, Moorea,
Rangiroa, Raroia or Tikehau) were set as random factor nested within season. A permutation-
based test was used to test the multivariate homogeneity of group variances (Table SP6 - 8).
Finally, Nonmetric Multidimensional Scaling (NMDS) was performed (function metaMDS) to

represent acoustic communities in relation to the type of island and depth.

2.6.3. Influence of benthic cover on the acoustic community composition

A canonical correspondence analysis (CCA) was conducted to test the influence of benthic
cover features on acoustic community composition (function cca). The CCA was used to find
the best dispersion of sound types, and to relate them to combinations of benthic cover features
[431]. A model-building process was used to reduce the number of explanatory variables and
select the most effective CCA model. A forward stepwise variable selection method was
applied, which gradually adds significant variables based on the Akaike information criterion
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(AIC) to help determine which are most relevant for the model [427]. Grouping variables (depth
and type of island) were added to the ordination plot to see their relationships to acoustic
community composition and coral cover variables (function ordiellipse, vegan package with a
95% confidence interval). All statistics were realized using the R software version 3.6.1. (R
Core Team, 2019).

3. Results

A total of 17,574 fish sounds were detected during sunsets at all depths and at all islands
(Table SP6 - 4). Among the defined sound types, only those with at least ten selections were
kept for the analyses. Consequently, 45 different fish sound types were used, representing 92%
of all the identified sounds (Figure 45).
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Figure 45 lllustration of five abundant sound types. (A) CS1, (B) AS4, (C) US1, (D) PS16, and (E) PS17. FFT
= 256 for all the spectrograms. Sampling frequency = 4 kHz.
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3.1. Fish sounds description

According to Desidera et al. (2019), fish sounds could be divided into two main categories:
frequency-modulated signals (FM) and pulse series (PS) lato sensu, i.e., series of at least three
short broadband transient pulses. Polynesian PS sounds were divided into two sub-categories:
PS stricto sensu, sounds with distinguishable pulses and without (pseudo-)harmonics, and
arched sounds (AS), i.e., sounds with ultra-short pulse periods that appear as (pseudo-
)harmonics in the spectrographic representation (Figure 46). The AS sound type category
comprises ultra-fast pulse series (UFPS) and long tonal non-frequency modulated calls (LT)
described by Desidera et al. (2019).

| POLYNESIAN FISH SOUNDS |

FREQGENCY PULSE SERIES
MODULATED lato sensu
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Figure 46 Dichotomous classification of Polynesian fish sounds with graphical illustrations of a few sound
types.

The most abundant sound type (42% of the total number of sounds) was an arched sound
referred to as AS4 sound that shares similarities with the ultra-fast pulse series, also known as
kwa sound recorded in the Mediterranean Sea [281]. The AS4 sound type was a pulse train of
183 + 7 ms (mean + standard deviation) duration, characterized by 12 + 1 pulses and a pulse
period of 15 + 1 ms. In the spectrograms, they appeared as pseudo-harmonic arched sounds. In
the power-spectra, mean pseudo-harmonic interval (HI) was around 68 + 4 Hz with an
interquartile interval of 393 + 20 Hz. Their waveforms were characterized by a peak frequency
of 847 + 148 Hz modulated in amplitude by a periodic envelope with HI™* oscillations (Figure
SP6 - 3M).

Frequency-modulated (FM) sounds were divided in downsweeping (DS), upsweeping (US)
and complex sweeps (CS), i.e., with more than one frequency modulation (mix of downsweeps

and upsweeps). When considering the total occurrence, the most abundant sound type of each
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sub-category was, respectively, the DS1, US1 and CS1. CS1 was a long complex frequency
modulated sound also referred to as whoot because of its high similarity with the ‘whoot’
described by Bertucci et al. (2020). The main features of each type of FM sound are detailed in

the Table SP6 - 3, as well as in oscillograms and power spectra in the Figure SP6 - 3.

US1 sounds were harmonic upsweeping sounds of 335 + 80 ms duration, characterized by a
waveform with 32 + 6 pulses and a pulse period of 11 + 0.2 ms. The peak frequency was 225 +
49 Hz and corresponded to the fundamental frequency or to the first harmonic. The mean
harmonic-interval was 94 + 2 Hz (Figure SP6 - 3J). CS1 were pulse trains of 940 £ 174 ms
duration, characterized by 168 + 66 peaks and a peak period of 5 + 0.3 ms. Their waveform was
characterized by two consecutive parts (first part: 756 + 291 ms with 150 + 65 peaks of 5+ 0.5
ms; second part: 84 + 9 ms with 18 £ 2 peaks of 5 + 0.3 ms). Their power-spectra presented a
complex harmonic structure with two peaks around 200 Hz (one at 190 + 6 Hz and one at 227
+ 9 Hz) and two peaks around 400 Hz (one at 363 + 11 Hz and one at 423 + 35 Hz) with a mean
harmonic-interval of 183 + 19 Hz (Figure SP6 - 3T).

The PS stricto sensu category comprised at least 25 different sound types. Seven sound types
were characterized by an average pulse period between 19 and 40 ms. These seven sound types
can be group in the Fast Pulse Train (FPT) category described by Desidera et al. (2019). One
sound type was a slow pulse series (pulse period: 822 + 289 ms, SPS). The 17 others sound
types had intermediate pulse period values. Sounds lasted from 86 + 45 ms (for FPT5) to 5.68
+ 7.71 s (for PS6). The main features (duration, number of peaks, peak frequency and period)
of each type of PS sound are detailed in Table SP6 - 2, whereas the oscillograms and power

spectrum of each sound are presented in Figure SP6 - 2.

3.2. Influence of depth and island type on sound abundance

Acoustic fish community composition differed between depths (Figure SP6 - 4). PS sounds
dominated at 20 m while AS and FM sounds were more abundant at 120 m. However, the
number of some sound types (e.g., AS4, US1 and CS1) increased with depth while the opposite
was observed for other sound types (e.g., FPT4, FPT5, PS16, PS17, DS1 and DS4) (Figure 47,
Figure SP6 - 6). The ten most abundant sound types represented 78% of the overall sound type
abundance (Figure 47, Table SP6 - 4). They were found in all islands. The abundance of six of
them (DS1, DS4, FPT4, FPT5, PS16 and PS17) decreased with depth, while it increased for
three other sound types (AS4, US1 and CS1) (Figure SP6 - 5, Table SP6 - 5). Among the sounds
that ‘decreased with depth’, the most abundant ones at 20 m were short pulse series and fast
pulse trains (see Table SP6 - 2): PS16, FPT5, PS17 and FPT4 sound types (Figure 47). Among
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the sounds that ‘increased with depth’, the most abundant ones at 120 m were the AS4 (= kwa-
like sound), the US1 and the CS1(= whoot) sound types (Figure 47, Figure SP6 - 6). At all
depths, the most abundant sound type in atolls was the AS4 (average occurrence between 22 to
78%, Figure SP6 - 6). In high islands, the most abundant sounds were AS4, FPT5, PS16 and
PS17 sound types (Table SP6 - 4, Figure SP6 - 6). Noticeably, the number of AS4 sounds
increased with depth (n = 229 per hour at 20 m, n = 684 per hour at 60 m, and n = 1077 per
hour at 120 m, Figure 47, Figure SP6 - 5, Figure SP6 - 6, Table SP6 - 5), so did their signal-to-
noise ratio, and their bandwidth (BW = 350, 402 & 478 Hz; KW: y? =374, df = 2, P < 0.0001;
Dunn: Z =18, 11 & —10, all P <0.0001) suggesting they are mainly produced in the deep part
of the reef. At Moorea, Rangiroa, Raroia, and Tikehau, the number of AS4 sounds was higher
at 120 m while it was higher at 60 m at Bora Bora (Table SP6 - 5). At Bora Bora, Moorea,
Rangiroa, and Raroia, the bandwidth of AS4 was greater at 120 m than at other depths ranges
(KW: 2 =18, 111, 89, 171, df = 2, all P < 0.001; Dunn: Z = 2, 4, 4, 10, 8, 7, 13,6, P = 0.02, <
0.001, < 0.001, all others P < 0.0001) while at Tikehau, the bandwidth was higher at 60 m
compared to the other depths (KW: y? = 148, df =2, P < 0.0001; Dunn: Z =2 and —12, P =
0.02 and < 0.0001).
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Figure 47 Treemaps of the number of sound types per depth: (A) 20 m, (B) 60 m and (C) 120 m. Stripes =
FM, diagonal stripes = FPT, dots = US, bricks = DS, checkerboard = CS sound types.

Similar patterns were observed for other FM sounds. For example, the number of US1
increased with depth (n = 7 per hour at 20 m, n = 9 per hour at 60 m and n = 187 per hour at
120 m, Figure 47). This was also the case for CS1 sounds (n =9 per hour at 20 m, n = 23 per
hour at 60 m and n = 54 per hour at 120 m). Moorea was the only island where the number of
CS1 was higher at 60 m than at 120 m (73 vs. 15 per hour). The bandwidth of CS1 increased
with depth (BW = 229, 379 and 418 Hz at 20, 60 and 120 m respectively; KW: - = 30, df = 2,
P <0.0001; Dunn: Z=5, 3, -3, all P < 0.01).
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3.3. Shannon acoustic diversity

The highest Shannon acoustic diversity was found at 20 m at Moorea (Shannon: 2.77 + 0.02,
median = 0.5 IQR, Table SP6 - 6), while the lowest value was observed at 60 m at Rangiroa
(Shannon: 0.99 £ 0.05). For all the islands except for Mangareva, the Shannon acoustic diversity
decreased between 20 and 60 m (Figure 48). Between 60 and 120 m, either it increased again

(e.g., Rangiroa), decreased (e.g., Tikehau) or showed no differences (e.g., Moorea) (Table SP6
- 6, Table SP6 - 7).
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Figure 48 Boxplot of the Shannon acoustic diversity depending on (A) depth (20, 60 or 120 m) and (B) the
type of island (atoll vs. high island). Boxes represent the median + interquartile range (IQR) and lines represent

Q1-15IQRand Q3 +1.5IQR. *** P <(.0001, ** 0.0001 < P < 0.001, NS = not significant (Analysis of variance,
Table SP6 - 7).

The overlap of a-diversity was higher between 60 and 120 m (74%) than between 20 and
60 m or between 20 and 120 m (60% in both cases, Table SP6 - 7), indicating stronger

similarities between mesophotic environments. The overlap of a-diversity between the two
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types of islands (atolls and high islands) was 62%. Atolls generally showed a higher within

island-type overlap than high islands (75% vs 46%).

The Shannon acoustic diversity differed with depth (analysis of variance, F = 8.59, P =
0.00068, Table SP6 - 7). The Shannon acoustic diversity differed between 20 and 60 m (Tukey
test, P = 0.00079) but not between 60 m and 120 m (P = 0.82). All the benthic cover variables

influenced the Shannon acoustic diversity (Table SP6 - 7).

3.4. Fish sound types community composition

3.4.1. Similarity of acoustic communities

The similarity statistic R indicated a higher similarity within sites when comparing 20 and
60 m (R = 0.30, P < 0.001) than when comparing 60 and 120 m (R = 0.17, P = 0.004). Atolls
and high islands showed higher similarities in acoustic community composition than depths (R
=0.29 and 0.26, P = 0.015 and 0.001, respectively).

3.4.2. Influence of depth and island type on the acoustic community composition
Permutational multivariate analyses of variance (PerMANOVA) on acoustic B-diversity
revealed that depth had the strongest effect on acoustic community composition (df =5, Sum
Sq = 1.58, Mean Sq = 0.32, F = 4.79, R? = 0.32, P = 0.001) (Figure 49). To a lesser extent, the
type of island had also an effect (df = 2, Sum Sq = 0.59, Mean Sq = 0.29, F = 4.46, R? = 0.12,
P =0.002) (Figure 49, Table SP6 - 9). Some sound types, such as the pulse sequence PS1 and
the downsweeping sound DS8, appeared to be strongly associated with deep reefs as they were
only recorded at 120 m. Other sound types, including the complex sound CS2 (Figure SP6 - 3,
Table SP6 - 3) were only found at 20 m, or in the case of PS7 only at 20 and 60 m. Some sounds,
such as the fast pulse train FPT7 were only found in atolls while others, such as the upsweeping
sound US3 were only recorded at high islands. In addition, when visualizing acoustic
community composition, atolls appeared clearly separated from high islands at 20 m (Figure

SP6 - 7), suggesting island-type differences in the shallow part of the coral reefs.
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Figure 49 ‘Nonmetric Multidimensional Scaling’ ordination plot of centroids based on Bray-Curtis distance
representing the effect of (A) depth and (B) type of island on acoustic fish communities assessed on sound
types (c.f. Table SP6 - 2 and Table SP6 - 3 for sound type abbreviations). Groupings are presented with ellipses
(95% confidence around the centroid).

3.4.3. Influence of benthic cover on the acoustic community composition

The Canonical Correspondence Analysis (CCA) indicated that the acoustic community
composition, based on sound types, was influenced by depth and the type of island. Inspection
of the CCA ordination plot allows the association of sound types to benthic cover features
(Figure 50, Table SP6 - 10, Table SP6 - 11). Positive CCA1 values are mainly explained by
non-encrusting sponges, sand, and to a lesser extent by black coral / gorgonians and hydroids
(CCAL scores: 0.75, 0.62, 0.38 and 0.32, respectively). Negative CCAL values are mainly
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explained by macroalgae, scleractinians, and dead coral (—0.80, —0.68, and —0.57 respectively).

The benthic cover explains part of the difference between islands.
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Figure 50 Canonical correspondence analysis ordination plots of the acoustic fish community composition
based on Bray—Curtis dissimilarities of relative abundance of n = 45 sound types (in red) at (A) three depths
(green: 20 m, blue: 60 m, black: 120 m) and (B) for two types of islands (yellow: atolls, red: high islands).
Blue arrows show the influence of benthic cover features. Ellipses are 95% confidence interval. For better
visualisation figures have been split in two pannels with islands labels on the left and benthic cover labels on the
right.

At 20 m, the most present benthic cover is scleractinians for all the islands (between 32%
and 56%; except for Rangiroa, with more consolidate substrate: 35% vs 11%). Despite a
domination by scleractinians, a variability is observed at 20 m between the different islands
(Figure 69). In Tikehau reef (atoll), turf accounts for more than 28%, while rubble account for
more than 20% in Bora Bora and Rangiroa. In Moorea (high island), when comparing with
sounds, the presence of CS2 in the photic reef seems to be associated with the presence of
consolidate substrate, fleshy algae and macroalgae, while PS7 seems to be rather linked to the
presence of scleractinians, calcifying and encrusting algae (Figure 69). At 60 m benthic cover
composition was highly variable. Some islands are dominated by scleractinians (e.g.,
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Mangareva and Tikehau), others by consolidate substrate (e.g., Moorea and Raroia) and sand
dominates the reef of Rangiroa. This is also visible in the CCA ordination plot, where the reef
of Rangiroa at 60 m is located within deeper reefs (Figure 69). This greater variability in the
benthic cover could explain why 60 m appears to be a transition depth for acoustic fish
communities. Finally, at 120 m, the most present benthic cover is sediment substrate and sand
for all the islands. However, differences exist. For example, at 120 m in Bora Bora, there is
59% to 100% more black coral compared to the other islands.

4. Discussion

Polynesian underwater soundscapes were rich, even at depth, with at least 45 non-occasional
fish sound types recorded during sunset. It is worth mentioning the fish sound type diversity
reported here is only part of the complex biophony found in the low-frequency part of the
soundscape (i.e., below 2 kHz) in coral reefs, that can also comprise vocalizations from other

taxa such as whales [432] or tonal rumble sounds of mantis shrimps [67,356].

In French Polynesia, the acoustic fish community of the deep part of the reefs and the shallow
part of the atolls was dominated by a single fish sound: the AS4 that shows high similarities
with the /kwa/ sound, suspected to be produced by nocturnal benthic Mediterranean Scorpaena
spp. [281,433]. Although AS4 and AS5 sounds share similar features, they differ in terms of
peak frequency. These two sound types could therefore be produced by two different species
of Scorpaenidae, a group well represented in French Polynesia, with 37 to 39 sp. [126]. Among
the other sound types, PS10 is composed of a long succession of low-frequency pulses and it
shares similarities with sounds from temperate Ophidiidae [434], and may thus be emitted by
fish of this family known to inhabit coral reefs [140]. FPT2 is a long fast pulse train that presents
similarities with Cottidae sounds [435]. FPT5 sounds could be attributed to Pomacentridae
recorded in coral reefs [151,153,436], while FPT6 shares similarities with the ‘Pomacentridae’
sound type described previously in Moorea [141]. Finally, AS1 was a low-frequency (i.e.,
below 700 Hz) long tonal call that was similar to Serranidae sounds (e.g., Epinephelus
adscensionis) [21]. This family is very diverse in French Polynesia, with at least 68 to 69 species
[126]. Other sound types like the US1 and the CS1, two abundant sounds at 120 m could not
be attributed to a clade. CS1 seems to correspond to the whoot previously recorded at Moorea
[141].

Acoustic fish diversity and calls composition showed a depth dependence. Both FM and PS

sounds were recorded at all the depths, but PS stricto sensu were more abundant at 20 m where

154



they constituted 67% of all the sounds vs. only 27% at 120 m. The soundscape was dominated
by AS sounds at 120 m (57% of all the sounds at 120 m but only 21% at 20 m). However, US
and CS sound types were, respectively, 9.79x and 1.96x more abundant at 120 m than at 20 m.
In a study conducted in South Africa, frequency of sounds made during daytime overlap,
whereas there was a clear distinction between nocturnal sounds [437] suggesting that diurnal
fishes living in the photic zone would mainly use sounds to support visual behaviours such as
courtship rituals, aggressive attitudes, or colour pattern changes. At night, in the dark, or in an
environment with more colour absorption (like MCES), vision is progressively substituted by
other senses like hearing. In this context, it becomes more important for their vocal inhabitants
to produce more stereotyped sounds. Bertucci et al. (2017) reported a higher sound level in the
photic reef compared to the mesophotic reef in Moorea Island. Similar observations were made
for all the studied reefs. However, the acoustic diversity reported in this study was not
necessarily lower in deeper environments. MCEs showed distinct acoustic communities with
sound types strongly associated or only found in this deeper ecosystem (e.g., US1 and CS1)
(Figure 50 and Figure 69). This is in accordance with the hypothesis suggesting that the sonic
environment in the mesophotic zone is not composed of sounds propagated from the upper part
of the reef [157]. This is also in line with depth gradients found in temperate acoustic
communities [318]. This study also indicates that acoustic fish communities, from the surface
to 120 m, are divided into two parts with a buffer zone around 60 m. This buffer zone seems to
coincide with a zone showing a higher fish species richness on the drop-off [157]. In addition,
another explanation of this division is likely related to temperature and more precisely to the
presence of one to several thermoclines, known to influence fish assemblage composition [426].
Finally, depth-dependent differences in acoustic fish communities are also related to changes
in the benthic cover composition [318]. Different studies have demonstrated the existence of a
positive relationship between acoustic metrics and coral cover in shallow reefs [158,417,438].
In this study, deep sites were characterized by an increase in the percentage of sponges, sand,
black corals and gorgonians, and a decrease in the percentage of macroalgae and scleractinians.
The transition zone in the upper part of MCEs is acoustically closer to the deep part of the
MCEs than to the photic part of the reefs, showing a greater overlap between MCEs. However,
the level of dissimilarities of acoustic fish communities appeared different within the two MCEs
depths: a small dissimilarity was found at 120 m while the highest one was observed at 60 m
(Figure 50A and Figure 69A), indicating a higher variability at 60 m than 120 m. This could be
explained by the highest diversity of benthic cover composition at 60 m and by the transition

from one assemblage of coral species to another one. For example, around 60 to 70 m at Tikehau
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a shift occurs from Pachyseris speciosa assemblages by assemblages dominated by Leptoseris
and Echinophyllia species [122,439]. In addition, within a single island the reef at 60 m can be
dominated by a monospecific coral cover (e.g., 70 to 80% of Pachyseris speciosa at Moorea)

or by sedimentary deposits.

In addition to differences linked to the depth and related benthic cover, part of the acoustic
variability can also be explained by the type of island (Figure 49B and Figure 50B).
Dissimilarities are higher in high islands than in atolls. Atolls are known to exhibit less habitat
diversity compared to high islands with greater habitat diversity [419]. Moreover, reefs with
similar degrees of habitat diversity, are known to have similar fish fauna [440,441], and shifts
in habitat structure are reflected in changes in the diversity of the fish fauna (Anderson et al
1981). Another potential explanation for the similarity results between island types may be
because three of the studied atolls belong to Tuamotu Archipelago, while the three studied high
islands do not belong to the same archipelago (Bora Bora and Moorea are part of the Society
Archipelago whereas Mangareva belongs to Gambier Archipelago). However, acoustic fish
communities of Moorea’s photic reef appeared to be closely related to the ones at Mangareva,
suggesting that differences are rather explained by the type of island than the archipelago.
Moreover, the acoustic composition of the photic reef of Bora Bora shared more similarities
with the one of atolls like Raroia and Tikehau. Bora Bora’s peculiarity could be linked to the
fact that this island has an intermediate status between an atoll and a high island. Indeed, this

island is sometimes called an almost-atoll due to its large lagoon [112].

This study suggests that acoustic fish community composition and diversity reflects habitat
characteristics and can be indicative of subtle differences in vertical gradients, buffer zones and
benthic cover. The occurrence of abundant and specific sound types of the MCEs makes

acoustic monitoring of fish assemblages a promising tool to follow temporal changes in MCEs.
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MAJOR RESULTS

Diel cycle (1/2)

v" The acoustic community is divided into a diurnal and a nocturnal community.
v" The nocturnal community is subdivided into several sub-communities.

v"  The diurnal community was dominated by PS while the first nocturnal community was dominated by AS. FM sounds
reached their maximum abundance around the midpoint of the night.

4

Diel cycle (2/2)

v" AS4 played a major role in the global abundance in the first nocturnal community,
¥v" When depth increases, there was more FM detected during the night and less during the day, while it was not true for PS.
¥" When the number of sound types is examined during specific periods (e.g., during the night) less PS types are present at

greater depth.

Acoustic niches (1/2)

v"  All sound types had different acoustic niches.

v" AS and FM sound types mainly differentiated along the temporal and the frequency axes, while PS sound types primarily
differentiated based on their pulse period.

v"  The predominance of FM sounds types at depth and the larger niches for FM sound types at depth could indicate an
additional difference for FM sound types in addition to a distinction on the three other axes.

A

Acoustic niches (2/2)

v" Contrary to FM sound types, the niche widths for frequency resources decreased with depth for all the studied AS sound
types: they exhibit frequency-based specialization at depth.

v" The overall niche widths were similar for most PS sound types, but some particular PS had temporal niche width narrower
with depth.

¥" When exploring the community level, the temporal niche width is narrower with depth, while the frequency niche width is
wider with depth. At greater depths, acoustic activity becomes more focused during specific time periods, and there is a
broader exploitation of the frequency spectrum.

Key question for the objective of the thesis

How depth affects the diel variations of the individually identifiable fish sounds?
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Abstract

The sound spectrum is a limited resource shared to minimize acoustic competition. However,
how abiotic factors shape this partitioning is poorly known. This research focuses on the
ecological role of depth on the acoustic behavior of fish. The study focused on lower and upper
mesophotic coral reefs from the Tuamotu Archipelago, pursuing three key objectives:
investigating how depth shapes the diel cycle of fish sounds with GAM models, studying the
difference in their frequency distribution in relation to time, depth, and acoustic features; and
analyzing their acoustic niches. The study reveals that depth exerts a significant influence on
the community dynamics of fish sounds. As depth increases, the nocturnal character of
frequency modulated sounds is more pronounced while the contrary is observed for pulse series.
Depth also affects realized acoustic niches. At the community level, at greater depths acoustic
activity becomes more focused during specific time periods, particularly during the night, and
there is a broader exploitation of the frequency spectrum. At the opposite, for certain sound
types, acoustic niches become narrower for frequency resources at deeper depths. Overall, these

findings emphasize the intricate interplay between depth, and fish acoustic communities.
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1. Introduction

Based on their depth, tropical coral reefs can be divided into two parts: a shallow part called
the euphotic reef (ranging from the surface to ~30-40 m deep), from which extends a deeper
part known as mesophotic coral ecosystems (MCEs, ~30-40 m to over 170 m deep) [105,110].
MCEs represent approximately 80% of global tropical coral reef ecosystems [324]. Within
MCEs, the presence of variations in ichthyological diversity based on depth has been
highlighted [442]. MCEs consist of an ‘upper’ zone (from 30 to 60 meters) where ichthyological
communities are similar to those of shallow reefs [105,420], and a ‘lower’ zone (from 60 to
over 150 meters) that possesses its own fish assemblages [105,421]. The boundary between the
upper and lower zones of MCEs is an interval between 60 and 90 meters deep, within which a
shift in faunal community is observable [107,108,421]. Some authors even propose subdividing
MCEs into three zones (upper, middle, and lower), but the definitions of these zones vary across
studies [443-445]. The study of MCEs remains highly challenging due to numerous logistical,
human, and financial constraints [108,446]. As a result, our knowledge about these ecosystems
and their functioning has significant gaps in various areas, particularly in ecology [324]. Today,
advancements in underwater technology enable the study of MCEs through less invasive
methods [447]. Approaches that do not involve the visual field, such as acoustic methods, have
been developed to study the ichthyological communities of these ecosystems.

Passive Acoustic Monitoring (PAM) is a technique used to non-intrusively and with high
temporal resolution collect various types of sounds (e.g., fish sounds) to infer ecological data
[84,448]. PAM can be used to study a specific species [423,449,450], a group of species
[281,451], or the entire vocal fish community living in a particular location [141,326,397,437]
(Chapters 3 and 6). The production of various types of sounds might lead to the assumption that
the acoustic landscape in an environment inhabited by numerous populations of sound-
producing fish would be so noisy that species would be unable to hear each other properly and
could risk misidentification [437]. However, fish can adopt different strategies to cope with
this. First, the ‘Lombard effect’ is a strategy in which fish increase the intensity of their emitted
sounds [452-454] to enhance reception by the receiver and avoid masking effects caused by
background noise. A second strategy involves producing sounds at different times. Although
fish acoustic activity is often higher at specific times such as dusk and night [451,455-457],
vocalizations are generally not produced at the same time within the same site [141,437].
Indeed, some species vocalize more during the day [93,246], others vocalize both day and night
[141,458], and some vocalize primarily at night [397,459]. Within this distribution, there can
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be further subdivisions for each part of the day, with some species producing sounds only for a
few hours [141,460]. This partitioning within a community aims to prevent misidentification
between different species in challenging conditions or a cacophony that masks the emitted
signals [437,461]. This is the foundation of the acoustic niche hypothesis (ANH) [462].

The ‘acoustic niche’ can be defined as ‘a multidimensional abstraction encompassing
spectral and temporal features of a sound type, as well as its diel pattern of occurrence’ while
the ‘realized acoustic niche' can be defined as ‘the range of acoustic resources exploited by a
specific sound type along three axes: diel timing of calling activity, call spectral features and
call temporal features’ [460] observed at a specific moment and location. The realized acoustic
niche is always a subset of the acoustic niche. According to the ANH, the sound spectrum is a
limited resource that species or communities share to minimize acoustic competition [462]. It
has been demonstrated in birds [463-465], frogs [466-468], and arthropods [469,470].
Concerning marine ichthyofauna, it is known that fish do not occupy the same temporal periods
[141,437] and can be partitioned into nocturnal and diurnal acoustic communities [437]. Within
the nocturnal acoustic community, which is more diverse than the diurnal one [141,437], the
sounds show less overlap in certain acoustic characteristics (e.g., dominant frequency and pulse
period) [437]. In marine temperate ecosystems, the allocation of acoustic resources (both
temporal and frequency ranges) increases when the acoustic richness increase [460].
Unfortunately, the number of studies on how an entire ichthyological community occupies the
acoustic landscape in coral reefs remains relatively low [141,397,471], and our knowledge on
this topic in MCEs is extremely limited [472] (Chapter 6).

Although there are still few studies on the ichthyological biophony of MCEs, several recent
studies have focused on the biophony of MCEs in French Polynesia (Chapter 6). The
composition of acoustic communities varies with depth (Chapter 6). The relative proportions
of acoustic categories vary with depth, and it has been observed that pulse series (PS) sounds
are dominant in the photic zone, while frequency-modulated (FM) sounds are more abundant
in the lower mesophotic zone (Chapter 6). Regarding the temporal distribution of fish sounds
in MCEs, a recent preliminary study focusing on the two most abundant FM sounds in the
MCEs of French Polynesia [472] (Chapter 6) showed a greater presence of these sounds during
the night [472]. However, how the fish community share the soundscape within MCEs has
never been studied. The objective of this research is to study the depth-related difference in the
soundscape sharing among fish in MCEs from three islands in the Tuamotu archipelago (French
Polynesia). Specifically, two lines of investigation were pursued. (1) Assessing how depth
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shapes the diel cycle of fish sounds in the upper (60 m) and lower (120 m) parts of the MCEs.
(2) Analyzing the realized acoustic niche of the most abundant sound types at both depths.

2. Materials and methods

2.1. Sampling

The acoustic data collection was conducted between March and November 2018 at three
atolls in the Tuamotu Archipelago (French Polynesia): Rangiroa, Raroia, and Tikehau. During
fielwork, sunrise was between 5:50 and 6:09 AM and sunset was between 5:21 and 5:43 PM.

Sampling was carried out as part of the Under The Pole I11 expedition (https://underthepole.org)

by divers using closed-circuit rebreathers. Recordings were simultaneously conducted at depths
of 60 m and 120 m along the outer slope as detailed in Raick et al. (2023). At each depth, a
SNAP autonomous acoustic recorder (Loggerhead Instruments; Sarasota, FL, USA) connected
to an HT196 hydrophone (sensitivity ranging from —170.5 to =169 dB re 1 V for an acoustic
pressure of 1 pPa, flat frequency response from 2 Hz to 30 kHz) was deployed. The recorders
were vertically mounted on a 60 cm tripod, weighted with 4 kg, and placed on the seafloor. All
recorders were programmed to capture 1-minute recordings every 10 minutes over a 62-hour

period, with a sampling frequency of 44.1 kHz (16-bit resolution) and a gain of +2.05 dB.

2.2. Data analysis

The audio files were downsampled to 4 kHz as the range below 2 kHz corresponds to the
frequency range dominated by fish sounds (Chapters 3, 5, and 6). The audio files (totaling 37.2
hours) were visually and audibly inspected using the acoustic analysis software Raven Pro 1.5.
(Cornell Lab of Ornithology; Ithaca, NY, USA). The audio files included three replicates
between 5 PM and 7 AM and two replicates between 7 AM and 5 PM.

Fish sounds were classified into categories referred to 'sound types' (Figure 45 and Figure
51) as using a dichotomous key adapted from a pre-existing key from Chapter 6 (Figure 46,
Figure SP7 - 1, KeySP7 - 1). A sound type encompasses sounds with similar acoustic
characteristics, such as dominant frequency or pulse period, and can either be produced by a
single species [473] or can contain sounds from multiple related species [281,424,474]. In total,
52,867 fish sounds were detected in MCEs of the three studied atolls. Among those described
in the identification key, only sound types with at least ten occurrences were used for analyses.
Consequently, 52,824 sounds classified into 69 different fish sound types were used,
representing 99.92% of all identified sounds. For the interpretation, sounds types were grouped

into three broad sound categories referred to as ‘acoustic categories’ (Figure SP7 - 1): pulse
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series (PS), frequency modulations (FM), and arched sounds (AS, grouping non-FM tonal calls
and ultra-fast pulse series with pulses too closely spaced to be perceived as PS) like described
in Chapter 6. FM can be subdivided into of upsweeping sounds (FMus), downsweeping sounds
(FMps), and complex sounds (i.e., sounds with both upsweeping and downsweeping parts,
FMcs).

All the sounds were used to examine the general pattern of the diel cycle. In contrast, for the
diel cycle per sound type and the niches analyses, we specifically focused on sounds with a
minimum of 1,000 observations. Out of all the sounds detected in the MCEs of the three atolls,
13 met this criterion. These 13 types comprised a total of 42,578 sounds, representing ca. 80%
of the total sounds detected. Among the 13 types, there were three AS (AS4, AS5, and AS1),
seven PS (PS3, PS17, PS16, PS18, FPT1, FPT2, and FPT4), and three FM sound types: one
FMcs (CS1), one FMps (DS2), and one FMus (US1). Among these 13 sound types, 12 had
already been described (Chapter 6). A detailed description of ten sounds with a good signal-to-
noise ratio allowing sounds to be characterized was realized for each of the 13 sound types. The
pulse period was measured on oscillograms with Avisoft SAS Lab Pro (Avisoft Bioacoustics;
Glienicke/Nordbahn, Germany). This feature was needed for the realized acoustic niche
analysis, and it was not automatically measured by Raven. The thirteenth sound, named PS18,
is an undescribed sound type composed of two distinct parts separated by a time interval. The
first part consists of a single pulse with multiple peaks, while the second part is a series of
regular pulses (i.e., constant pulse period) with a single peak. For each of the 13 sound types,

the mean and standard deviation of the aforementioned acoustic characteristics were calculated.
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Figure 51 Diversity of fish sounds in Polynesian mesophotic reefs. The classification on the right of the figure
is adapted from Chapter 6 and 7, while the classification from Puebla-Aparicio et al. (2024) [475] is presented on
the left side of the figure. Sampling frequency: 4 kHz. FFT = 256. PS = pulse series, FPT = fast pulse train. DS =
downsweeping sound. US = upsweeping sound. CS = complex sound. UFPS = ultra-fast pulse series. The structure
of the figure is inspired by [475] (Fig. 3). ‘kwa-like’ sounds are a sub-category of ‘arched sounds’ also named
‘non-FM tonal sounds and UFPS’.
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2.3.Statistical analyses

To address the various objectives of this study, the analyses were divided into the study of
the depth effect on (1) the diel cycle, and (2) realized acoustic niches. All statistical analyses
were conducted using R software version 4.2.1 (R Core Team, 2022), and a significance level

of a = 0.05 was used.

2.3.1. Diel cycle
The first axis of the study aimed to examine the temporal dimension of the acoustic activity
for each sound type (Figure 51) in order to investigate a potential depth relationship in diel

cycles.

Raw abundance data of each sound type were converted into average abundance per minute.
For each studied depth, cumulative graph of average abundance over time was generated for
sound types. To enhance visualization of rarer sounds, in addition to the graph of original values

on a linear scale, graphs of relative values and the logarithm of abundance were employed.

Generalized Additive Models (GAMSs) were used to assess the presence of trends. GAMs
are commonly used to study diel cycles [476,477]. The gam function from the mcgv package
was used to create a model for the 13 aforementioned sound types. For each model, we only
used data with a minimum of 30 sounds per depth per island. If this condition was not met, the
depth/island with less than 30 sounds was not used in the model. The model predicted the
average abundance of sounds based on the spline of time by depth, the depth itself, and the
island. Poisson distributions were initially used for all the models [478]. Subsequently, the
dispersion of residuals was computed using the model's residuals, the number of observations,
and the number of predictors in the model. When the dispersion of residuals was below 1.5, the
Poisson model was retained. When it was not the case, the same model was employed, but with
a negative binomial distribution. Thus, all final models exhibited appropriate residual
dispersion (minimum value obtained: 0.59, maximum value obtained: 1.23). The relationship
between predictors and the dependent variable (i.e., the abundance of each sound) is described
in part through the effective degrees of freedom (edf), which estimate the ‘complexity’ of each
smooth term (spline). An edf value close to 1 implies a linear relationship, while a higher value
indicates a non-linear relationship (complex and undulating curve). Finally, the model-
predicted values along with a 95% confidence interval were exponentiated (due to the log link

used in the model) and represented alongside the original abundance data.
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2.3.2. Realized acoustic niches

The acoustic resources used to define the realized acoustic niche of each sound included: (1)
the period of acoustic activity (time), (2) the dominant frequency, and (3) the pulse period [460].
The realized acoustic niche was studied for each of the two depths, focusing on the 13 most
abundant sound types. Because only two replicates (i.e., two days of data) were available for
each island/depth from 7 AM to 5 PM, only two replicates from 5 PM to 7 AM were used. Each
hour of the day represented a temporal resource. The number of frequency dominant resource
classes was obtained by dividing the range of frequencies (i.e., the difference between the
highest and lowest frequency data) by the frequency range of each class (100 Hz classes ranging
from 15 to 1815 Hz). The number of resources for pulse period was obtained by dividing the
range of pulse periods (i.e., the temporal difference between maximum and minimum periods)
by the temporal range of each class (logarithmic scale 0.1 ms classes ranging from 0.1 to 2.9
ms). The number of acoustic resource classes used varied according to the three axes: 24 for
the temporal axis (axis 1), 18 for the frequency axis (axis 1), and 28 classes for the pulse period
axis (axis I11). The sizes of each resource class (1 h, 100 Hz, and 0.1 ms respectively for axes

I, I1, and I11) were identical to those of Bolgan et al. (2022).

For the third axis, the pulse period data for each regular sound type (all types except PS18)
were estimated by dividing the total sound duration (automatically measured in Raven) by the
average number of pulses (manually measured in Avisoft). Because of its irregularity, only the

regular part of the PS18 was considered for the measurement.

The data for each axis were organized into a resource matrix, where each row represented a
sound type and each column represented a resource class. For each sound type and resource
axis, the number of sounds belonging to each resource class was calculated and displayed with
a relative percentage color scale. Furthermore, the acoustic community space (i.e., the range of
acoustic resources exploited by the entire acoustic community) was calculated by summing all
sound types present in each resource class across the three axes [460]. Finally, the realized
acoustic niche breadth (NB), measuring the level of resource class occupation, was calculated
using the inverse of the Simpson diversity index (using the diversity function from the vegan
package) and standardized (NB*) as follows: NB* = (NB — 1) / (r — 1), where r is the number
of resource classes. When NB™* is zero, the sound type is considered a specialist meaning it only
exploits one resource class, while when NB* is 1, the sound type exploits all resource classes
[467,479]. The standardized realized acoustic niche width for each sound type was calculated
separately for each niche axis (NBwmp* = standardized realized acoustic niche width for the
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temporal axis; NBsreq* = standardized realized acoustic niche width for the frequency axis;
NBpp* = standardized realized acoustic niche width for the pulse period axis), as well as for the
overall realized acoustic niche (NBiot*).

3. Results

3.1. Diel cycle

The GAM models performed on the most abundant sound types demonstrated a significant
influence of the time of day on the abundance of all studied sound types at both depths (all
P < 0.001; Figure 52 and Table SP7 - 1). 11 out of 13 sound types can be characterized as
nocturnal. Among them, some such as the AS4, are part of the first nocturnal community, while
others such as the CS1 and AS5 are part of the second nocturnal acoustic community (Figure
53 and Figure SP7 - 1). It is observed that more PS types are present at 60 m than at 120 m
during this period (Figure 53 and Figure SP7 - 1). Other sound types, such as PS3 and PS17
have one abundance peak before 7:40 PM and another during the second half of the night
(Figure 52 and Table SP7 - 2), placing them in both the first and second nocturnal acoustic
communities. At 120 m, the two most abundant sound types during the daytime are PS17 and
PS3 (Figure 53) while the three most abundant PS at 60m are PS18, PS17, and FPT4 (Figure
SP7 - 2). It shows that some sounds such as the PS18 are associated with one depth (Figure 52
and Table SP7 - 2). Additionally, Some PS exhibits abundance peaks at different times
depending on the depth (Figure 52 and Table SP7 - 2). The PS16 is part of the first community
at 60 m and the second community at 120 m. The FPT2 sound type is a nocturnal type at 120 m,

in contrast to its more diurnal behavior observed at 60 m (Figure 52 and Table SP7 - 2).

When examining all the sound types (Figure 51) together, we discern a general tendency
with average abundance peaks generally after sunset and/or before sunrise. Regardless of the

depth, the abundance gradually increased during sunset (Figure 53).
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Figure 52 Temporal variations in sound type abundance. Predicted values from GAM models depicted by
curves, with blue curves representing 60 m depth and red curves representing 120 m depth. Each curve is
accompanied by a band illustrating the corresponding 95% confidence interval. Dots signify raw data points.
Vertical grey lines denote sunrise and sunset at Raroia (5:50 AM and 5:21 PM), while black lines indicate
corresponding hours at Tikehau and Rangiroa (6:09 AM and 5:43 PM).

During this period, a shift in the acoustic community was observed: from a ‘diurnal acoustic
community’ dominated by PS sound types to a ‘first nocturnal acoustic community’ dominated
by the AS4 (+27% AS increase at 120 m, +23% AS increase at 60 m between 5:40 and 5:50
PM). Subsequently, this acoustic activity decreased, marking the transition to the ‘second
nocturnal community’ starting later deeper and characterized by an increase in FMcs sounds
such as CS1. During sunrise, there was a re-increase in the average abundance of PS sound
types to a level almost as high as the first peak. The second abundance peak was reached an
hour earlier at 120 m and was equal to the first one. Following sunrise, the abundance of PS
sounds types gradually returned to daytime values. The abundance and relative proportion of
PS sounds during the daytime decreased with depth. Inversely, the predominance of FM sounds

during nighttime/sunset was more pronounced at greater depth.
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Figure 53 Cumulative graph of mean abundance over time for all sound types at 120 m depth: absolute
values (A) and relative proportion (B). Less abundant sound types lacking a clear diel cycle are colored in grey
for ease of interpretation. The legend includes the annotation 'CA' (Cycle Absent) for such sounds. The 13 most
abundant sound types, utilized in the models, are highlighted in bold.

3.2. Realized acoustic niches

3.2.1. Composition of the realized acoustic niches

The 13 most abundant sound types differentiated along (at least) one of the three axes of
their realized acoustic niche. AS sound types differentiated well along both the temporal axis
(Axis 1) and the frequency axis (Axis Il) but exhibited comparable pulse periods (Figure 54).
This was true for both 60 m and 120 m depths (Figure 54). Among PS at 60 m, the PS18, FPT1,
and FPT4 sound types exhibited different activity periods (Axis I) compared to other PS types,
while at 120 m, only the FPT2 and FPT4 types differed in their temporal axis (Figure 54).
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Unlike AS, PS exhibited similar frequency spectrum exploitations at both depths, except for the
PS16. At 120 m, PS16 had higher frequencies more prominently (Figure 54). PS primarily
differentiated based on their pulse period (Axis I11), regardless of depth (Figure 54). Concerning
FM, the CS1 sound type stood temporally apart from the other two FM sound types which had
more similar acoustic activity and pulse periods (Axis | and Axis Ill, respectively). However,
this temporal resource competition was compensated for at the frequency level. Specifically,
the DS2 sound type distinguished itself from the other two FM sound types by a different

frequency spectrum exploitation.
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Figure 54 Realized acoustic niche analysis of the 13 most abundant sound types and the entire community
level at 120 m depth. Each vertical panel represents an axis of the realized acoustic niche (axis I: diel, 24 resource
classes; axis Il: frequency, 18 resource classes; axis I11: pulse period, 18 resource classes). Data for each axis were
organized in a resource matrix, where each row represented a sound type and each column a resource class. For
each sound type and resource axis, the number of sounds associated with each resource class was calculated and
is presented with a color scale as a relative percentage. The range of acoustic resources utilized by the entire
acoustic community was calculated from the sum of all sounds present in each resource class for each of the three
axes.

3.2.2. Comparison of the width of the realized acoustic niches

The realized acoustic niche breadth, and therefore the ‘specialization’ of the sound types,
varied depending on the sound types and the depth. The 13 sound types occupy distinct realized
acoustic niches. The overall realized acoustic niche width of the AS4 type was narrower than
that of the other two AS sound types (AS5 and AS1), which had more similar overall realized
acoustic niche widths (Table SP7 - 3). This was due to the fact that the realized temporal niche
of the AS4 sound type was narrower than that of the other two sound types at both depths (Table
SP7 - 3). The same pattern was observed at 120 m (Figure 54, Table SP7 - 3). However,
comparing the two depths revealed that the realized niche widths for frequency resources
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decreased with depth for all AS sound types (Table SP7 - 3). AS occupy fewer resource classes
and exhibit frequency-based specialization at depth.

The overall realized acoustic niche widths were similar for most PS types at both depths
(Table SP7 - 3). However, two out of the seven PS sound types exhibited different realized
acoustic niche widths along specific axes at certain depths. A distinctive PS type is PS3. Its
overall realized acoustic niche width at 120 m was narrower than the average width of all PS
types (NBiot™ = 0.22 vs 0.33 £ 0.06). This trend was less evident at 60 m (NBwt* = 0.30 vs 0.34
+ 0.036). Furthermore, its realized acoustic niche width along the temporal axis at 120 m was
narrower compared to 60 m. This suggests that the PS3 type is more ‘specialized’ and exhibits
more focused acoustic activity at 120 m compared to 60 m, where its activity is more spread

out over time (Figure 54).

Finally, CS1, US1, and DS2 exhibited similar overall realized acoustic niche widths among
themselves at each depth. However, the values differed between the two depths. At 120 m, the
realized temporal niche width values were all higher than at 60 m (NBtemp*som = 0.24 + 0.10,
NBtemp*120m = 0.36 £ 0.021). This is related to the fact that acoustic activity of FM sounds was

more prominent at 120 m than at 60 m.

Globally, FM sounds (CS1, US1, and DS2) had realized temporal niche widths that increased
with depth (Figure 55). It could be interpreted as the temporal window of vocalization being
broader due to the presence of individuals vocalizing outside the mean vocalizing time. On the
other hand, most PS (FPT2, FPT1, PS18, PS16, PS17, and PS3) had their realized temporal
niche widths decreasing with depth. The realized temporal niche widths of AS (AS1, AS5, and
AS4) decreased slightly. Concerning the frequency axis, the contrary was observed: the realized
niche widths of FM and AS, whose abundance increased with depth, decreased with depth and
the ones of PS, whose abundance decreased with depth increased. This suggests that the more
individuals are vocalizing, the more there is need to restrict the frequency range to avoid
overlap. With depth, the specialization of FM and AS sounds appears accentuated on the

frequency axis, while the specialization of PS sounds is more pronounced along the diel axis.
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Figure 55 Illlustration of the difference in the widths of the realized acoustic niches, diversity, and
abundance. Difference in the width of the diel realized acoustic niche (ANB*wemp, in blue) and the frequency
realized acoustic niche (ANB*q, in orange) for the 13 most abundant sound types between 60 and 120 m.

When examining the realized acoustic niches at the community level, it becomes evident
that there is a difference in terms of both temporal and frequency axes between the two depths.
Specifically, the realized temporal niche width at 120 m is narrower than at 60 m (NBtemp™120m
= 0.32 vs NBtemp*som = 0.40), while the realized frequency niche width at 120 m is wider than
at 60 m (NBfreq*120m = 0.43 vs NBtemp*som = 0.31). This indicates that at greater depths, acoustic
activity becomes more focused during specific time periods, particularly during the night, and

there is a broader exploitation of the frequency spectrum, particularly at higher frequencies.

4. Discussion

4.1. Diel cycle

The analysis of the selected sound types revealed diverse trends in their distribution. This
includes the identification of sounds that are predominantly made during the day [93] or at night
[472,480]. Notably, the periods of sunset [151,481-485] and sunrise [151,486] emerge as
critical times periods when specific sounds are produced, highlighting the importance of these
transitional times in the daily rhythm of sound emission. Within these sounds, the most
abundant sound in MCEs, named AS4 or ‘kwa-like’ is particularly interesting since it shares
acoustic characteristics with the ‘kwa’ sound type recorded in the Mediterranean Sea, such as
pseudo-harmonics, pulse periods, and a very similar nychthemeral cycle (Chapter 6). The latter

reference illustrates the production of AS-type sounds called ‘kwa’ at a frequency of 747 Hz,
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which occupies the acoustic scene for 2 h, 2 h after sunset. This sound production is remarkably
similar to the one of AS4. The AS4 dominates the acoustic environment for 50 to 100 min 80
to 90 min after sunset. The ‘kwa’ in temperate shallow-water of the Mediterranean Sea is
attributed to scorpionfish of the genus Scorpaena (Scorpaenidae) [433]. Consequently, the AS4
sound detected in French Polynesian MCEs could plausibly be produced by one or more species
of scorpionfish from the Scorpaenidae family that inhabit this region. In French Polynesia, the
frequency range near the dominant frequency of ‘kwa-like’ sounds (around 1 kHz) is not
occupied by center frequencies of sounds from invertebrates (Chapter 3), unlike in other reefs
around the world [65]. As a result, this sound can be heard without being masked by invertebrate

sounds.

The conducted GAMs provided a deeper insight into the temporal partitioning of the entire
acoustic community of MCEs. The temporal segregation serves as a primary means for fish to
communicate, avoiding interference between signals and minimizing competition for temporal
resources [462]. The division of the acoustic community into a diurnal and a nocturnal
community aligns with observations made in other marine environments [141,437]. However,
beyond this general result, our study demonstrates that the nocturnal community itself can
further subdivide into two sub-communities, and the (sub-)acoustic categories associated with

each community are not identical.

FM sounds reached their maximum abundance around the midpoint of the night. The
predominance of FM sounds during the night could be related to the need to produce a
sufficiently distinctive sound. There are several examples of fish producing FM during
reproductive-related behaviors [89,487]. The need for stereotypy becomes more pronounced at
night, a period conducive to reproduction due to the reduced light intensity, aiding in the
avoiding and minimization of predation risks [488]. This contrasts with daytime conditions
[151], where the absence of light means sounds cannot be augmented by visual stimuli, as they
can be during daylight hours [437]. The absence of light at night requires sounds to have more
distinctive characteristics for differentiation. Auditory signals must be clear enough to facilitate
effective communication in nocturnal conditions. Thus, the more stereotyped a sound is, the
more it minimizes the risk of not being recognized by conspecifics. Incorporating frequency
modulations could serve as a method to enhance its stereotypical nature. Unlike amplitude
modulations, the propagation of frequency modulations seems to be less affected by noise. This
could be because in an FM signal, information is transmitted by varying the frequency, not the
amplitude, and noise primarily affects amplitude.
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The obtained results not only highlighted the presence of nychthemeral cycles, but also
revealed a depth-related difference. When depth increases, there was more FM detected during
the night and less during the day, while it was not true for PS. In addition, when the number of
sound types is examined during specific periods (e.g., during the night) less PS types are present
at greater depth. This last depth difference is similar to the depth-related effect on the abundance

of PS and FM highlighted by a previous study during sunset (Chapter 6).

Sounds more prevalent in deeper waters exhibit more frequency modulations (e.g., CS1).
This prevalence is true for the night period compared to the daytime when considering each
depth separately. The transition from day to night and from shallow to deep environments
shares the common factor of decreasing light intensity. Thus, a single factor (light intensity)
acting in two different ways has a similar effect on the acoustic community. We believe that
the primary reason for this could be the difference in the role of sounds between night and day,

which could also explain the depth-related difference.

4.2. Realized acoustic niches

All sound types had different realized acoustic niches. The studied AS sound types and the
studied FM sound types mainly differentiated along the temporal and the frequency axes, while
the studied PS sound types primarily differentiated based on their pulse period. At 113 m depth,
it has previously been observed that fish sounds are temporally and frequentially partitioned
while a significant difference in terms of pulse period was not highlighted [437]. In other taxa,
the third axis can encompass other acoustic features such as sound duration. In South America,
the red howler monkey vocalizes both during the day and night, but the vocalizations are
generally longer at night than during the day [489]. In addition to these three axes, differences
could occur in the modulated character of the sound. In marine mammals, sound modulation
has also been demonstrated as an adaptation to exploit a new acoustic niche by killer whales
when leopard seals (another predator vocalizing at the same frequencies) are acoustically
present during a part of the year. In our case, the predominance of the studied FM sound types
at depth and the larger realized acoustic niches for the studied FM sound types at depth could
indicate an additional difference based on this fourth axis (modulation type). This is in addition
to the distinctions observed on the three other axes. Contrary to the studied FM sound types,
the realized niche widths for frequency resources decreased with depth for all the three studied
AS sound types: they exhibit frequency-based specialization at depth. The overall realized
acoustic niche widths were similar for most PS types but some particular PS had temporal niche
width narrower with depth.
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When all three axes are considered together, it becomes apparent that each sound type tends
to occupy a distinct acoustic niche. ANH is a concept that has started to be explored in fish
[460], but it has been studied for a longer time in other zoological groups, particularly mammals
[490], birds [464], and amphibians [466-468]. However, the results are not equivalent across
taxa and environments. While in tropical birds, partitioning has primarily been observed at the
temporal level [465], reverse results (frequency partitioning but not temporal) have been shown
in frogs [491]. In anurans, differentiation of niches involves not only frequency but also
frequency modulation [492]. Overall, caution is needed when extrapolating from acoustic
niches to ecological niches. The minimization of the competition for different resources within
the soundscape assumes that these sound types are produced by different species. Some sound
types could encompass sounds produced by several close-related species emitting sounds at
different frequencies. This is because, when a fish species emits different types of sounds, they
often share the same fundamental/dominant frequency [163]. Concerning depth, when
exploring the whole community, the realized temporal niche width is narrower with depth,
while the realized frequency niche width is wider with depth. This indicates that at greater
depths, acoustic activity becomes more focused during specific time periods, particularly during
the night, and there is a broader exploitation of the frequency spectrum, particularly at higher

frequencies.

In general ecology, there is an assumption that low abundances and narrow niches (i.e.,
specialization) are positively correlated [493,494]. This correlation may also extend to acoustic
niches [460]. However, at least one example contradicts this assumption for fish, suggesting
that different levels of sonic system plasticity may be linked to various strategies for sharing
the acoustic space [460]. To gain a more comprehensive understanding of community
dynamics, it is essential to consider ecological context, such as species hearing capabilities,

along with phylogenetic niche conservatism [495] and morpho-allometric constraints.

In conclusion, this study reveals that depth has a significant influence on the acoustic
characteristics and community dynamics of fish sounds in MCEs. Overall, these findings
emphasize the intricate interplay between depth, and the fish acoustic communities, deepening
our understanding of MCEs' dynamics.
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Chapter 8. Analyzing the origins of fish sounds in Polynesian lower

mesophotic coral reefs: hypothesizing potential sound producers and

related sonic morphology
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MAJOR RESULTS

Presence of vocal species

v" In French Polynesia, 39 vocal families were identified as potentially present at a depth of 120 m.
v This number decreases to 23 sonic families when only the species from known vocal genera are considered.

v The highest number of species were found in Serranidae (17.7%), followed by Lutjanidae (12.9%), Gobiidae (5.6%),
Scorpaenidae (4.8%), and Carangidae (4.8%).

Link between taxa present and sounds recorded

v The most abundant sound recorded in Polynesian MCEs is a high frequency pseudoharmonic sounds that exhibit similarities
to sounds produced by Mediterranean Scorpaena species (Scorpaenidae).

v Specific soundsrecorded in Polynesian MCEs share similarities with those generated by temperate grouper species.

v Other sounds from Polynesian MCEs share similarities with those generated by Ophidiidae. Brotula multibarbata was
therefore examinated as it is the only species of this family present in Society and Tuamotu MCEs according to the literature

TEVIEW.

Sonic morphology: Scorpaenidae

v The sonic morphology of Scorpaenopsis is similar to that of Scorpaena: no swim bladder; a main muscle inserted into the
skull, prolonged by tendons attached to the vertebrae, and a narrower medial bundle passing above Baudelot’s ligaments.

v' In Dendrochirus, an extrinsic sonic muscle was found on each side of the fish.
v" We did not observe any evident sonic structures in Pontinus.

h 4

Sonic morphology: Serranidae and Ophidiidae

v' Saloptia powelli (Serranidae) has a swim bladder closely associated with the ribs, muscle connecting the first rib to the
neurocranium, mtercostal ligaments and muscle, and no muscle directly attached to the swim bladder.

v The rib-associated morphology observed in all the other Serranidae species closely resembled that described in S. powelli.

v Brotula multibarbata possess a thick swim bladder divided into a small anterior part and a larger posterior part separated by
a bottleneck area where a pair of sonic muscles is inserted.

Key question for the objective of the thesis

Which species emit the individually identifiable fish sounds recorded in lower MCEs?
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Abstract

Mesophotic coral reefs host unique fish assemblages and a highly diverse biophony.
However, many of the sources of these sounds remain unknown. The objectives of this study
are as follows: (1) to identify, based on the literature, the vocal fish species present in the deep
part of mesophotic coral reefs in French Polynesia; (2) to infer the sounds produced by the
species present to link them with previously recorded sounds; and (3) to identify the sonic
structures used by species from these families to produce sounds. A total of 42 fish families
able to produce sounds were found to be possibly present at 120 m depth. The most abundant
sound recorded in Polynesian mesophotic reefs exhibites similarities to sounds produced by
Mediterranean Scorpaena species (Scorpaenidae). Specific sounds recorded in Polynesian
MCEs share similarities with those generated by temperate grouper species. Finally, other
sounds from Polynesian MCEs share similarities with those generated by Ophidiidae. In
addition to Scorpanidae and Serranidae, Brotula multibarbata was therefore examinated as it is
the only species of this family present in Society and Tuamotu MCEs according to the literature
review. Some Polynesian Scorpaenidae lack a swim bladder and have a sonic muscle composed
of bundles originating into the skull and long tendons attached to the vertebrae. The studied
Serranidae have a swim bladder closely related to the ribs, a muscle attached to the
neurocranium and the first ribs, and series of intercostal ligament in addition to classic
intercostal muscles. Finally, Brotula multibarbata (Ophidiidae) had a thick swim bladder with
a small anterior part separated from a large posterior part by a bottleneck area. A pair of sonic
muscles originated anteriorly on the neurocranium and posteriorly on the bottleneck area. This
study provides initial insights into which vocal fish taxa are present in Polynesian MCEs and

to their corresponding sonic structures.
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1. Introduction

Sound production is presently documented in 37% of fish families [496] with an estimated
independent evolution of sound production occurring approximately 33 times among
Actinopterygii. In contrast to tetrapods, fish use a wide variety of mechanisms to produce
sounds, including for example intrinsic swim bladder muscles [497—-499], fast extrinsic swim
bladder muscles [424,500-505], slow extrinsic swim bladder muscles [146], muscles not
attached to the swim bladder [149,424,506-509], buckling of modified scales [139,142,143],
sonic-ligament causing jaw-snapping [510,511], stridulation [512,513], or a combination of
several of these mechanisms [143,150,514].

Fish acoustic communication can be used for passive acoustic monitoring (PAM) in various
underwater environments, including coral reefs [141,515,516] (Chapter 3 and 6). In French
Polynesia, fish diversity [105,421] and its corresponding call composition have been shown to
vary with depth (Chapter 6), with differences between mesophotic and photic compartments of
coral reefs. The recorded sound types were diverse, including both pulse series and frequency-
modulated sounds (Chapter 6). Frequency-modulated sounds were found to be in higher
proportion in mesophotic coral reefs than in photic reefs but the majority of fish species
responsible for producing these sound types remains unknown. Discovering which species
produce them would be an advantage because it would allow for studies to determine the
presence or absence of a species. Such studies have been conducted for shallow temperate
species and species from photic reefs, mainly through aquarium-based [139,142,517],
mesocosm-based [433], and field-based methods using cameras [87,518-520] or hydrophones
held by rebreathing divers [138]. However, employing these techniques in lower mesophotic
reefs is impractical, primarily due to challenges such as the difficulty of prolonged dives at
significant depths and the disturbance caused to nocturnal fish by artificial lighting.
Furthermore, bringing these fish to the surface alive for study is highly challenging, given that

the pressure differential induces irreversible damage to their swim bladders.

Our study focuses in lower mesophotic coral reefs, found between 60 and 150 m deep, that
host unique fish communities [105,421], which are reflected in their biophony (Chapter 6).
More precisely, we focused on the diversity of sounds previously reported at 120 m in French
Polynesia [472] (Chapter 6), with the aim of identifying the fish species responsible for some
of these sounds and hypothesizing the potential sonic morphology associated to this sound
production. This study has been conducted in three phases. (1) Initially, a literature review was

performed to identify teleost species inhabiting the deep regions (at 120 m) of mesophotic coral
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reefs in the Society and Tuamotu Archipelagos in French Polynesia, with the specific goal of
pinpointing taxa known to be vocal. (2) Subsequently, we investigated the sounds produced by
the identified species by examining the literature to understand the types of sounds each selected
species is known to generate. We then compared these identified sounds with those recorded at
a depth of 120 m in Polynesia. (3) Lastly, we selected the most relevant sonic families based
on the literature review and conducted dissections of previously fished specimens to identify
the sonic structures employed by species within these families for sound production.

2. Materials and methods

2.1. Vocal species present

Bibliographic research was conducted in five steps as detailed below, resulting in a
categorized list of species: (1) species certainly present (listed as ‘1’ in Table 12), (1) species
probably or possibly present (listed as 2a if excluded at Step 3 and as 2b if excluded at Step 1),

and (I11) species considered unlikely to be present and therefore excluded from consideration.

Step 1: Check for the presence of fish species in French Polynesia by using the Fishbase
database (https://www.fishbase.de) and Siu et al.’s (2017) updated list of Polynesian fish [126].

The search criteria for Fishbase were set as count_native$Country=="French Polynesia" OR
"Marquesas Is." OR "Tahiti" OR "Tuamotu Is.". Any species found in Fishbase but not included

in Siu et al.’s (2017) list were classified as ‘possibly present’ and duly noted.
Step 2: Exclusion of freshwater species and Elasmobranchs.

Step 3: Selection of species confirmed to be only present at a depth of 120 m. Species
with a depth range shallower than 60 m (based on the minimum occurrence depth in Fishbase)
or deeper than 200 m (based on the maximum occurrence depth in Fishbase) were omitted.
Species indicated as ‘not present below 60 m’ in Siu et al. (2017) were also removed. Species
known to occur at 120 m were retained, while those found between 60 and 119 m or between
121 and 200 m were categorized as ‘probably present’. Species with conflicting data (i.e.,
species not reported to occur deeper than 60 m according to Siu et al. (2017) but with records
at greater depths in Fishbase) were cross-referenced with the literature. If these species were
confirmed to be present at 120 m, they were included in the ‘probably present’ category. Species

with incomplete information were retained in the same category.

In addition, all species from French Polynesia were automatically extracted from the French

National Museum of Natural History’s list. Specimens captured between 60 and 200 m,
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belonging to vocal families and not already present in our list, were included. Specimens
captured within a depth range overlapping the ‘60 — 200 m range’ (e.g., 42 — 70 m range),
belonging to vocal families, and not yet on our list, were classified as ‘probably present’. Larval
specimens were excluded. Additionally, the depth of all specimens was cross-referenced with

Fishbase to identify any potential new species for inclusion.

Step 4: Retain potential vocal species by selecting species belonging to known vocal
families (identified from scientific literature or qualitative descriptions) or families with a
known sonic structure [496]. The presence of these species in the soniferous fish inventory from
Looby et al. (2022) was verified. Four species with uncertain vocalization status, namely
Aphareus furca [138], Decapterus macarellus [521,522], Mulloidichthys vanicolensis, and
Naso hexacanthus [138], were excluded from the list. Within the output list, we specified
whether the studies referred to the exact species or to other species within the same genus, or

to species from another genus within the same family.

Step 5: Complete the information regarding the archipelagos. Each species was

individually assessed for its occurrence in the Society and Tuamotu Archipelagos.

2.2. Connection between present taxa and recorded sounds

The sound types previously recorded at a depth of 120 m in Polynesian mesophotic reefs
(Chapter 6) were compared to the sounds of the species from the literature. For each retained
species, we conducted a literature review to determine their sonic morphology and/or the types
of sounds they produce. If information was unavailable for a species, we examined other species
within the same genus. In cases where information was lacking for a genus, we investigated
other genera within the same family. The lists provided by Rice et al. (2022) and Looby et al.
(2022) were used as starting points to locate references for family-level and species-level
information, respectively. Additional literature was consulted for families with conflicting
information (designated as non-sonic families according to Looby et al. (2022) but identified
as sonic by Rice et al. (2022): Apogonidae, Caesionidae, Leiognathidae, Lethrinidae,
Myctophidae, and Uranoscopidae).

2.3. Sonic morphology
2.3.1. Specimen origin and permissions

Three families were selected for the investigation of their sonic morphology: Scorpaenidae,
Serranidae, and Ophidiidae. For the last family, only the species Brotula multibarbata was

studied. It was a male obtained from the Biodiversity Research Center (Academia Sinica,
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Taiwan) while all the other species were obtained from French Polynesia. They were procured
from local fishermen, in Bora Bora and Moorea, or from the fish market in Papeete (Tahiti).
The specimens were fixed in 5% formaldehyde for several days, depending on their size, before
being transferred to 70% alcohol for long-term preservation. The species used for the morpho-
anatomical study were the ophidiid Brotula multibarbata, the scorpaenids Dendrochirus
biocellatus, Pontinus macrocephalus, Scorpaenopsis diabolus, S. papuensis, and the serranids
Cephalopholis argus, Cephalopholis igarashiensis, Epinephelus tauvina, Liopropoma
lunulatum, Plectranthias taylori, Saloptia powelli, and Variola louti. This research was
conducted with the authorization of the Environment Department of the Ministry of Culture,
Environment, and Marine Resources (permit No. 1137/MCE/ENV).

2.3.2. uCTscan

To visualize mineralized tissues such as the neurocranium, vertebrae, ribs, spines, and rays,
as well as the swim bladder position, specimens underwent microCT scanning at the dynxlab
platform (University of Antwerp) using a custom-made UnitimXL X-ray CT scanner (Tescan,
[523]) operating at 60 to 80 kV. The isotropic voxel size ranged from 0.038 to 0.080 um.
Segmentation and surface rendering of bones were performed using Amira version 2019.2
(Thermo Fisher Scientific; Waltham, MA, USA). Automatic thresholding was applied to

identify bones, while manual outlining was used for the swim bladder membrane when present.

2.3.3. Dissections

Dissections were conducted using a Wild M10 stereoscopic microscope (Leica, Wetzlar,
Germany) equipped with a camera lucida. The examination focused on the region close to the
swim bladder, when present. In cases where the swim bladder was absent, the entire area
between the posterior part of the neurocranium and the ribs was examined. Muscles, ligaments,

and tendons were delineated on printed uCT scan reconstructions.

3. Results

3.1. Presence of vocal species

In total, species from 39 vocal families were identified as potentially present at a depth of
120 m (Table 12), with the highest number of species found in Serranidae (17.7%), followed
by Lutjanidae (12.9%), Gobiidae (5.6%), Scorpaenidae (4.8%), and Carangidae (4.8%). This
number decreases to 23 sonic families when only the species from known vocal genera are

considered.
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According to what is known in euphotic reefs, among the different vocal species found in
MCEs, the probability to record their sounds in PAM studies is not equivalent. For example,
include if numerous species of Gobiidae are known to produce sounds; their sounds are usually
very faint and can typically only be heard at distances of a few centimeters [524], and are
therefore not frequently used in PAM studies. On the other hand, other taxa such as Carangidae,
are fast-swimming predators found in the waters above the reef and in the open sea. The two
vocal genera found in the area (Alectis and Selar) are known to produce scratchy bursts (Alectis
genus [21,522]) and sustained or irregular series of toothy grating sounds (Selar genus [21]).
These sounds are not easy to distinguish in PAM studies and are typically not considered during
manual scrolling processes [163] (Chapter 6). On the other hand, other families (e.g., Carapidae,
Ophidiidae, Scorpaenidae, or Serranidae) appears to be highly vocal based on the numerous

studies that described their sounds, including in PAM contexts (Table 12).

Table 12 State of the art of the vocal species present in the study area. The column ‘Type’ separates species
certainly present (1) and species probably and possibly present (2a and 2b). The column ‘Level’ separates known
vocal species (species), species likely vocal but with references known only at the genus level (genus) and species
likely vocal but with references known only at the family level (i.e., in another genus from the family).
Additionally, genera for which the exact species present in MCEs is uncertain are also indicated as ‘genus’.
Families for which the exact genus present in MCEs is uncertain are also indicated as ‘family’. * = families with
conflicting information (non-sonic families according to [525] but sonic according to [496]), ** = only
morphological evidence, S = Society Archipelago, T = Tuamotu Archipelago, Y = Yes, N = Not present.

Family Species S T Type Level Reference
Acanthuridae Naso hexacanthus Y Y 2a  family [138]
Apogonidae* Foa fo Y N 2b  family [138,526]

Balistidae Xanthichthys auromarginatus Y Y 1 species [138]
Balistidae Xanthichthys caeruleolineatus Y Y 2a genus
Blenniidae Petroscirtes xestus Y N 2a  family [527-529]
Bythitidae Tuamotuichthys bispinosus N Y 2b  family [530]
Caesionidae* Caesionidae N N 2b  family [531]
Caesionidae* Pterocaesio sp. N N 1 family
Caproidae Antigonia capros Y N family [532]
Carangidae Alectis indica Y Y 2b genus [21,522]
Carangidae Atule mate Y N 2b  family [21,164,512,552415]5225261532*
Carangidae Decapterus macarellus Y Y 2a family
Carangidae Decapterus tabl Y N 2b family
Carangidae Selar boops Y N 2b genus [21]
Carangidae Uraspis helvola N N 2b  family [21,164,512,552412?22526,532*
Carapidae Carapus mourlani Y Y 2a  species [145,146]
Chaetodontidae Chaetodon sp. N N 1 genus [21,138,526,543,544]
Chaetodontidae Heniochus singularius N N 2b genus [149]
Congridae Ariosoma scheelei Y N 2a  family [521,522]
Congridae Ariosoma sereti N N 1 family
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Congridae Bathyuroconger vicinus N N 1 family
Congridae Congriscus marquesaensis N N 1 family
Congridae Uroconger sp. 1 family
Dactylopteridae Dactyloptena sp. N N 1 family [21,164,545]
Diodontidae Diodontidae N N 1 family  [21,138,164,512,521,522,526]
Gobiidae Gnatholepis anjerensis Y Y 2a  family [520,546]
Gobiidae Gunnellichthys monostigma Y N 2a family
Gobiidae Kraemeria bryani Y N 2b  family
Gobiidae Oxyurichthys notonema Y N 2a family
Gobiidae Priolepis farcimen Y Y 2b family
Gobiidae Priolepis sp. N N 1 family
Gobiidae Valenciennea strigata Y Y 2a family
Holocentridae Myripristis chryseres Y Y 1 genus [21,138,547-549]
Holocentridae Ostichthys archiepiscopus Y N 1 family [21,138,526,534,547-553]
Holocentridae Ostichthys ovaloculus Y N 1 family
Holocentridae Pristilepis sp. 2b family
Labridae Bodianus bilunulatus N N 2b genus [21,138]
Labridae Bodianus paraleucosticticus Y N 2a genus
Labridae Cirrhilabrus claire Y N 2a family  [21,138,521,522,526,539,554—
Labridae Oxycheilinus lineatus Y N 2a  family *7l
Labridae Polylepion russelli Y N 1 family
Leiognathidae* Deveximentum insidiator Y N 2b  family [537,558]
Leiognathidae* Gazza minuta Y N 2b  family
Lethrinidae* Gymnocranius confer N Y 1 family [559]
grandoculis
Lethrinidae* Lethrinus rubrioperculatus Y N 1 family
Lutjanidae Aphareus furca Y Y 1 family [21,138]
Lutjanidae Aphareus rutilans Y N 1 family
Lutjanidae Etelis carbunculus Y Y 1 family
Lutjanidae Etelis coruscans Y Y 1 family
Lutjanidae Etelis radiosus Y N 1 family
Lutjanidae Lutjanus kasmira Y Y 1 species [138]
Lutjanidae Lutjanus argentimaculatus 2b genus [21,138,526,560]
Lutjanidae Lutjanus sp. N N 1 genus
Lutjanidae Parapristipomoides N N 2a  family [21,138]
squamimaxillaris
Lutjanidae Pristipomoides Y Y 1 family
argyrogrammicus
Lutjanidae Pristipomoides auricilla Y N 1 family
Lutjanidae Pristipomoides filamentosus Y Y 1 family
Lutjanidae Pristipomoides flavipinnis Y N 1 family
Lutjanidae Pristipomoides sieboldii N N 1 family
Lutjanidae Pristipomoides zonatus Y Y 1 family
Lutjanidae Randallichthys filamentosus Y N 2a  family
Macrouridae Malacocephalus laevis** N N 2a  species [561]
Macrouridae Malacocephalus nipponensis Y N 1 genus
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Macrouridae Malacocephalus sp. Y N 1 genus
Mullidae Mulloidichthys pfluegeri Y N 2a genus [21,138]
Mullidae Mulloidichthys sp. N N 1 genus
Mullidae Mulloidichthys vanicolensis Y Y 1 genus [138]
Mullidae Parupeneus sp. N N 1 genus
Myctophidae* Benthosema fibulatum N N 2b  family [562]
Myctophidae* Diaphus splendidus Y N 1 family
Myctophidae* Lampadena luminosa Y N 1 family
Myctophidae* Symbolophorus evermanni N N 2b family
Ophidiidae Brotula multibarbata Y Y 2a  family  [90,163,434,451,530,563-581]
Ophidiidae Ophidion muraenolepis N N 1 genus [564,567,568,573,574]
Ostraciidae Lactoria sp. N N 1 genus [514]
Ostraciidae Ostracion sp. N N 1 genus [138,150,582]
Ostraciidae Tetrosomus sp. N N 1 family [21,150,514,533,582,583]
Peristediidae Satyrichthys sp. 1 genus [532]
Pleuronectidae Nematops nanosquama N N 1 family [21,521,522]
Pomacanthidae Centropyge boylei N N 1 genus [138]
Pomacanthidae Centropyge narcosis Y Y 1 genus
Pomacanthidae Genicanthus bellus Y Y 1 family [21,138,526]
Pomacentridae Chromis sp. 2 (TahitiIsland) Y N 1 genus [138,584,585]
Pomacentridae Pomacentridae sp. (Rapa Is.) N N 1 family
Priacanthidae Cookeolus japonicus N N 1 family [586-588]
Priacanthidae Priacanthus hamrur Y Y 1 genus [588]
Scombridae Thunnus maccoyii N N 1 genus [589]
Scombridae Thunnus obesus Y Y 1 genus
Scorpaenidae Neomerinthe naevosa N N 1 genus [590]
Scorpaenidae Pontinus macrocephalus Y Y 2a genus
Scorpaenidae Pteroidichthys amboinensis N N 1 family [21,433,590,591]
Scorpaenidae Pteroidichthys caussei N N 1 family
Scorpaenidae Scorpaena lacrimata Y N 2b genus [21,433,526,590]
Scorpaenidae Scorpaenopsis pusilla N N 1 genus [21,532]
Serranidae Cephalopholis aurantia Y Y 2a genus [21,138,592]
Serranidae Cephalopholis igarashiensis Y Y 1 genus
Serranidae Cephalopholis polleni Y Y 2a genus
Serranidae Cephalopholis sexmaculata Y Y 1 genus
Serranidae Epinephelus morrhua N N 1 genus  [21,352,458,526,553,593-596]
Serranidae Epinephelus retouti Y Y 1 genus
Serranidae Epinephelus tuamotuensis Y Y 1 genus
Serranidae Hyporthodus octofasciatus Y N 2a genus [21]
Serranidae Belonoperca pylei N Y 1 family  [21,89,93,138,154,163,164,352
: - - _ /423,458,471,484,485,521 522,
Serranidae Gracila albomarginata Y Y 2a family  526,533,534,553,592-594,596—
Serranidae Liopropoma erythraeum Y N 1 family 607]
Serranidae Liopropoma lunulatum Y N 1 family
Serranidae Odontanthias tapui Y N 1 family
Serranidae Plectranthias bennetti Y N 2a  family
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Serranidae Plectranthias kamii Y N 2a family
Serranidae Plectranthias rubrifasciatus N Y 1 family
Serranidae Plectranthias sp. Y Y 1 family
Serranidae Plectranthias taylori Y Y 1 family
Serranidae Pogonoperca punctata Y Y 1 family
Serranidae Saloptia powelli Y Y 1 family
Serranidae Pseudanthias privitera Y N 2a genus [138]
Serranidae Pseudanthias ventralis Y Y 1 genus
Setarchidae Setarches guentheri** 2a  species [590]
Sphyraenidae Sphyraena acutipinnis 2b genus [21,138,526]
Syngnathidae Hippocampus kuda Y N 2b genus [608,609]
Syngnathidae Hippocampus sp. N N genus
Tetraodontidae Sphoeroides pachygaster Y N genus [21,512,521,522,526]
Uranoscopidae* Genyagnus monopterygius Y N 2b family [21]
Zanclidae Zanclus cornutus Y Y 2a  species [138]
Zeidae Cyttomimus affinis N Y 1 family [545,610,611]

3.2. Link between present taxa and recorded sounds

More than 65 fish sound types are known from Polynesian mesophotic reefs (Chapters 6 and
7, Figure 51). Each category of sound is examined and comparing to the sounds emitted by the
species from the literature (Table SP8 - 1) in the following sub-sections.

3.2.1. Frequency modulated sounds

In Polynesian mesophotic reefs, several frequency-modulated (FM) have been recorded
(Chapter 6). FM sounds are present in diverse clades of marine fish, including Batrachoididae
[497,498,612], Gobiidae [613], and Serranidae [89,163,423]. Only the two last families are
present in French Polynesia. FM sounds can be categorized as downsweeps (DS), upsweeps
(US), and complex sounds (CS; a combination of DS and US). Each category will now be

examined in more detail.

3.2.1.1. Downsweeps

Some of the DS sounds recorded in Polynesian MCEs exhibit similarities to sounds produced
by certain species of groupers (e.g., Epinephelus spp.). For example, E. marginatus, a temperate
grouper species, is known to produce low-frequency DS [163,423]. In the area of study, eleven
genera of Serranidae are present: Belanoperca, Cephalopholis, Epinephelus, Gracila,
Hyporthodus, Liopropoma, Odontanthias, Plectranthias, Pogonoperca, Pseudanthias, and

Saloptia.
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Figure 56 Comparison of fish downsweeping sounds recorded in Polynesian photic and mesophotic reefs,
(a) DS5, (b) rare series of low DS, and (c) CS6 (Chapters 6 and 7) and downsweeping sounds from three
groupers species from the literature: (d) Epinephelus adscensionis, (e) Epinephelus guttatus, and (f)
Epinephelus striatus.

3.2.1.2. Upsweeps

US sounds are well known to occur in Batrachoididae and Triglidae. However, these two
families are not known to inhabit Polynesian mesophotic reefs. Some Ophidiidae, such as
Genypterus maculatus, are also known to produce US growls but with a less pronounced FM

pattern and at much lower frequencies than the US observed in Polynesian MCEs [579].

3.2.1.3. Complex sounds

The CS2 sounds recorded in Polynesia share similarities with those recorded offshore in the
Atlantic Ocean (40 — 200 m depth), referred to as the ‘300 Hz FM harmonic single’ [451]. CS3
is highly identical to the ‘sound #46’ from the Indian Ocean [475]. Concerning CS1 (Chapter 6),
it is identical to the ‘whoot’ described in Society Islands [141] and highly similar to the ‘sound
#13° described in Mozambique [475]. In both studies, it is a non-abundant sound. There is

currently no valid scientific identification on the emitter of this peculiar sound type [472].
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Figure 57 Comparison of fish complex, arched, and pulse series sounds. (a and b) arched sounds, and (¢ and
d) and pulse series recorded in Polynesian photic and mesophotic reefs (a) AS4, and (c) PS10 and similar sounds
from the literature: (b) ‘/kwa/’ [281], and (d) Ophidion rochei male.

3.2.2. ‘kwa-like’ sounds

In MCEs, the most abundant sound is a sound named AS4 (Chapter 6 and 7) and shares
similarities with a sound described in the Mediterranean Sea and named ‘/kwa/’ [281]. Both
sounds are pulse train characterized by a similar number of pulses (/kwa/: 13 + 6 vs. AS4: 12.3
+ 1.2). On the spectrograms, they appear as pseudo-harmonics around a 800 Hz contour (/kwa/:
747 + 136 Hz vs. AS4: 846.9 = 147.6 Hz). Their contour is characterized by a similar initial
and final frequency giving them a generally arch-shaped contour. For both sound types, the
peak sound emission occurs at the beginning of the night [281] (Chapter 7). In the
Mediterranean Sea, /kwa/ are attributed to Scorpaena species (Scorpaenidae). MCEs from
Society and Tuamotu Islands seems to inhabit several genera of Scorpaenidae such as Pontinus,

Scorpaena, and Scorpaenopsis.

In addition to AS4, a second ‘kwa-like’, named AS5 (Chapter 6), is found in MCEs, with its
peak sound production following that of AS4 (Chapter 7). This sound is 72 ms shorter, has 5
fewer peaks, and its peak frequency is 203 Hz lower than that of AS4.
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3.2.3. Pulse series and fast pulse trains

Some PS recorded in Polynesian MCEs exhibit similarities with sounds described in
Carapidae. Sounds produced by Carapus boraborensis (duration: 3-14 s, 10-83 pulses, pulse
period: 180-212 ms, [614]) share temporal similarities with PS6 sounds from MCEs (duration:
5.7+ 7.7s, 26 + 24 pulses, pulse period: 185 £ 69 ms; mean £ SD) but not in terms of peak
frequency (200 Hz vs. 640 + 438 Hz).

Carapus mourlani, a species present in Polynesian MCEs, is able to produce double-pulse
sounds highly similar to a sound observed in MCEs and named ‘2P’. This sound was not
considered in Chapter 6 because of its rarity but was examined in Chapter 7, where it
represented 1.26% of sounds recorded in MCEs. In the literature, some C. mourlani sounds are
described as having two pulses, with the second one being lower in amplitude [146]. 2P was
also composed of 2 + 0 pulses, with the second one being generally lower in amplitude by 1,08
+ 1,14 dB re 1 pPa. However, the pulse period (67,77 ms £+ 10,04 ms) was higher than in C.
mourlani sounds (theoretically around 31.3 ms by summing a described pulse duration of 22 +
4.2 ms and an interpulse interval: 9.26 + 2.2 ms [146]). The peak frequency is higher in C.
mourlani (765 = 124 Hz, [146]) than in 2P (471 £ 224 Hz).

PS10 (duration: 1.5 £ 0.5 s, 18 £ 6 pulses, pulse period: 85 + 21 ms, peak frequency: 221 +
25 Hz) recorded in Polynesian MCEs exhibits similarities with sounds described in shallower
species of Ophidiidae [434,572,574] (Chapter 6). A close zoom on the oscillograms of PS10
reveals a series of pulses dominated by a high-amplitude peak (Figure SP6 - 3F). In the inter-
pulse interval, smaller peaks can be observed. This configuration is similar to the one observed
in some species from genus Ophidion. However, the main difference between PS10 and sounds
from Ophidion species is the difference in frequency range, with a lower frequency for PS10.
At the contrary, PS10 has a higher frequency compared to Genypterus, a species of bigger
Ophidiidae from the Southern Hemisphere. In MCEs from the Society and Tuamotu Islands,

the literature review highlighted only one species of Ophidiidae: Brotula multibarbata.

3.2.4. Selected candidates

Three soniferous families were selected for sonic morphology investigation. Firstly,
Scorpaenidae was chosen due to its presence in the studied archipelagos, and sounds from
temperate species exhibited similarities with the most prevalent sounds recorded in MCEs.
Secondly, Serranidae was included as this family is present in Polynesian MCEs, and sounds
from other grouper species shared similarities with downsweep sounds from MCEs. Finally,
Brotula multibarbata was the only species of Ophidiidae present in Society and Tuamotu MCEs
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according to the literature review. It was examined because this family is known to produce

low click trains similar to some recorded in MCEs.

3.3. Sonic morphology
3.3.1. Scorpaenidae

3.3.1.1. Scorpaenopsis spp.

Similar sonic structures were observed in both Scorpaenopsis diabolus and S. papuensis.
Both species lack a swim bladder. There is a sonic apparatus on each side of the fish, consisting
of two main muscle bundles and three tendons. The main muscle bundle, referred to as the
lateral bundle (8) is divided into two parts by Baudelot’s ligament, which connects the
basioccipital and the supracleithrum. The rostral part (5A) originates from the skull and inserts
onto Baudelot’s ligament, while the caudal part (6B) originates from Baudelot’s ligament and
is connected to two tendons, the lateral tendons (81 and 62), which insert onto ventral plate-
shaped parapophyses of the seventh vertebra (\V7) and the eighth vertebra (V8), respectively
(Figure 58). The medial bundle () is narrower than the lateral bundle and is taller than wide. It
covers a portion of the & bundle, originating from the skull, passing above Baudelot’s ligament,
and extending via the o tendon, which is inserted onto the sixth vertebra (V6). Neither V5 nor
V6 has a plate-shaped structure like V7. Vertebrae anterior to V6 do not possess developed
parapophyses. Contrary to the anterior ones, V5 had ribs with intermusculars. In addition to the
primary description provided above, a narrow proximal part of 6B (named ) detaches from the
rest of the bundle to connect to o tendon. None of the muscles or tendons are directly attached

to the pectoral girdle.
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Figure 58 pCTscan reconstructions of two Scorpaenidae species with a sonic morphology. (A) Dorsal view
of Scorpaenopsis diabolus. (B) Dorsal view of the shallower species Dendrochirus biocellatus. The muscles
involved in the sound production are illustrated in one side of the specimen. a: medial bundle. 3: lateral bundle.
dA: rostral part of the lateral bundle. 6B: caudal part of the lateral bundle. 51 and 32: lateral tendons.

3.3.1.2. Pontinus macrocephalus
This species has a swim bladder. We did not observe any structures typically associated

with sound production.

3.3.1.3. Dendrochirus biocellatus

This species has a swim bladder. Like in Scorpaenopsis, we found neural spines and then
ribs associated with accessory ribs. However, the sonic muscles configuration was completely
different. The origin of the sonic muscle is on the posterior portion of the neurocranium and its
insertion is on the posterior part of the swim bladder below the ribs (Figure 58).

3.3.2. Serranidae

In Saloptia powelli, the first six ribs are connected laterally by ligaments, namely L1
(connecting the first rib to the second rib), L2 (connecting the second rib to the third rib), and
so on, up to L5 (Figure 59). In addition to these five ligaments, there is a longer ligament (L1-
6) that originates from the first rib, passes beneath the second rib, and extends over the third,
fourth, and fifth rib before attaching to the sixth rib. These ligaments are only present on the
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dorsal section of the ribs. Additionally, a very thin ligament is attached to the second rib and
runs beneath the third rib.

A muscle connects the first rib to the neurocranium (Figure 59). This muscle shares the same
color as the epaxial and hypaxial musculature. The swim bladder is closely associated with the
ribs. Moving the first two muscles does not seem to affect the swim bladder, whereas the
opposite is observed for the subsequent muscles. The first two muscles do not make direct
contact with the swim bladder and appear to enhance the movement of the third muscle.

Importantly, no muscle is directly attached to the swim bladder.

swim bladder

muscle

ribs

Figure 59 Dorsal view of uCTscan reconstructions of three Serranidae species with the muscle connecting
the neurocranium to the first rib and the intercostal ligaments represented. (A) Plectranthias taylori, (B)
Saloptia powelli, and (C) Liopropoma lunulatum. The intercostal muscles are not represented. L = ligament.

The rib-associated morphology observed in all the other species closely resembled that
described in S. powelli (Figure 59, Note SP8 - 1).

3.3.4. Brotula multibarbata
Brotula multibarbata possess a thick swim bladder, which is divided into a small anterior

part and a larger posterior part separated by a bottleneck area. While the posterior part of the
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swim bladder has a typical appearance, the wall of the anterior part exhibited a different color,
non-homogeneous texture, and softer consistency (Figure SP8 - 1). The swim bladder was
welded to the vertebra. A pair of sonic muscles were originated anteriorly to the neurocranium

and posteriorly to the bottleneck area.

4. Discussion

The two main sonic families encountered at a depth of 120 m in the Society and Tuamotu
Islands were Serranidae and Lutjanidae, collectively constituting 30.6% of all fish species
present. These two families also represent the dominant groups among the ‘paru’, a local
Polynesian term for fish inhabiting depths ranging from 100 to 600 m [615]. However, the most
abundant and diverse taxa in terms of species richness are typically not the most prominent
contributors to the underwater biophony. While Serranidae are highly vocal, very little is known
about sound production in Lutjanidae, with the existing knowledge primarily focused on
Lutjaninae species. Their sounds have been described as ‘low-pitched’, ‘feeble’, or ‘possible’

[21], and these descriptions are limited to non-FM non-harmonic pulse(s)-like sounds [21,138].

In lower MCEs, AS4 accounts for 40% to 66% of all sound types (measured at 120 m during
sunset, Chapter 6). This pseudoharmonic sound closely resembles the /kwa/ vocalizations
produced by Scorpaena spp. Scorpaena is not a monophyletic taxon. According to phylogeny,
Scorpaena and Scorpaenopsis species are grouped together in a monophyletic group. These two
genera are known to inhabit lower MCEs in Polynesian waters [126]. A comparison of the sonic
morphology between Scorpaenopsis (as determined in this study) and Scorpaena (as
documented in the literature [433,590]) reveals striking similarities: several muscles prolonged
by tendons including one that has a more unusual configuration because it is divided into two
bundles by Baudelot’s ligament. Bolgan et al. (2019) hypothesized the rostral part of the muscle
could modify the tendon tension modifying the frequency during sound production while the
caudal part of the muscle could produce vibrations in the tendons. Despite the high similarity,
minor differences exist between the two configurations like the subdivisions of the medial
bundle in Scorpaenopsis and presence of an intermediate bundle in Scorpaena. The medial
bundle of Scorpaenopsis could be homologous of the o or the § bundles observed in Scorpaena.
In contrast to these genera, both Dendrochirus and Pontinus possess swim bladders. Pontinus
forms a monophylic genus while Dendrochirus does not. Within the clade containing
Dendrochirus spp., which includes species from the genera Pterois and Brachypterois, many
species have two large extrinsic muscles attached to the neurocranium and the swim bladder

[590]. Species within this group, such as Pterois volitans, are recognized for producing
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repetitive pulse calls and hums with intermittent pulses [591]. These sounds markedly differ
from the AS sounds recorded in MCEs. Concerning Pontinus, other species within this genus
are known to feature extrinsic muscles connecting to the vertebrae and the neurocranium [590],
a morphology that is not known to be associated with the production of AS sounds such as AS4

contrary to what was observed in the Scorpaenopsis/Scorpaena group.

The presence of at least two ‘kwa-like’ sounds in MCEs, as opposed to one in the
Mediterranean Sea, may be linked to the existence of two genera exhibiting a similar unusual
sonic configuration (Scorpaena and Scorpaenopsis), in contrast to the Mediterranean Sea where

only Scorpaena is present.

Within Serranidae, a wide array of species have been documented as producing non-FM
non-harmonic pulse(s)-like sounds, which have been described using various terms such as
thumps, knocks, single pulses, pulse series, single booms, serial booms, loud booms, deep
booms, low-frequency pulse sequences, pulse train calls, hollow knocks
[21,138,163,423,458,534,593,596,598], or a combination of PS and tonal elements
[484,485,606]. Additionally, tonal and downsweeps (DS) sounds have been identified in several
genera, including Epinephelus [163,423,593,596], Hypoplectrus [89], and Mycteroperca
[484,485,606,607]. At least one of them, the long tonal call of E. adscensionis [21], resembles
a low-frequency tonal AS sound recorded in MCEs (Chapter 6). These genera are not clustered
together in the phylogeny tree but are distributed across both the Anthiinae/Serraninae and
Epinephelinae taxa. Across all the species examined in this study, a similar sonic morphology
was observed: (1) a muscle connecting the first rib to the neurocranium, (2) intercostal
ligaments in addition to the intercostal muscles positioned between the ribs, (3) the swim
bladder closely associated with the ribs, and (4) no muscle directly attached to the swim bladder.
Differences were primarily observed in terms of the presence/absence and arrangement of
intercostal ligaments. The presence of this configuration appears to align with the fundamental
sonic structures description found in the literature, where it is generally assumed that swim
bladder vibrates due to the contraction of associated axial muscles [21,352,526]. High-
frequency DS from MCEs do not resemble grouper sounds but are highly similar to an unknown
sound previously documented in the Atlantic Ocean and referred to as “‘unknown sound 365 Hz
harmonic’ [451]. Conversely, Polynesian species of Serranidae have the morphological
capacity to produce sounds. More investigation is needed to know which low-frequency DS

and certain tonal calls from MCEs (Chapter 6) are produced by which species of Serranidae.
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Given the substantial number of groupers found at greater depths than MCEs [615], it is highly
probable that similar sound types still exist in the rariphotic zone.

The last species studied was Brotula multibarbata, a member of the monophyletic taxon
Brotulinae within the paraphyletic Ophidiidae taxon. This family is well-known for its sonic
capabilities, exhibiting a high diversity of mechanisms and distinct sounds not only between
related species but also between males and females of the same species [568,575,578,616,617].
Brotula multibarbata possesses a swim bladder with tough tendinous walls, making it
challenging to compress [618]. Some adaptations, such as its solid attachment to the vertebral
column and its division into two chambers [618], are shared with other species and taxa
[21,498,576,619]. However, the peculiar feature is the bottleneck separation [618]. In certain
Ophidiidae species, it has been demonstrated that the separation of the swim bladder can
decouple the movement of the anterior part of the swim bladder from the rest of the structure
[576]. A more rigid posterior section of the swim bladder could concentrate pressure from
sound production and reflect it back to a less rigid anterior portion, where it might potentially
re-excite other structures [576]. Additionally, attaching part of the swim bladder to the vertebral
column is known to isolate part of the swim bladder from muscles contractions. Moreover, the
high resistance to movement of a segment of the swim bladder renders it ineffective as a sound
radiator [576]. Conversely, it has also been hypothesized that wing-like processes could store
strain energy [620]. Include if B. multibarbata possesses the morphological capacity to produce
sounds with low fundamental frequencies determined by the rate of muscle contraction [621—
624], the observation of sonic muscles during the dissection of B. multibarbata is not sufficient
to have an idea of the sounds produced. To know if this species produces low-frequency long
fast pulse trains or other sounds such as long-duration harmonic tonal sounds, as previously
hypothesized, more investigation is needed to. In this species, it is likely that the peculiar
bottleneck of the swim bladder plays a central role in the sound production. A two-step system
is also found in terrestrial animals using resonators modelled as Helmholtz resonators
[625,626]. Analogies with this system are known to exist in related fish (Carapidae,
Ophidiiformes) [627]. Generally, in such sounds, frequencies above the peak frequency are

generated by higher-order vibrations of the swim bladder [576].

In conclusion, this study offers preliminary insights into which vocal fish taxa are present in
Polynesian MCEs and to their corresponding sonic structures. Notably, it highlights the
connection between Scorpaenopsis morphology and the one of Scorpaena (a genus known to
produce pseudo-harmonic AS sounds) as well as the relationship between the morphology of
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Polynesian Serranidae and temperate species known to produce long tonal and DS sounds.
Additionally, the study reports an unusual swim bladder morphology in B. multibarbata, a
suspected soniferous species in MCEs.
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MAJOR RESULTS

MPA vs. nMPA: low frequencies

v Fish abundance was equivalent between MPAs and nMPAs, but MPAs showed a higher fish species richness, and a higher
percentage of coral and algae cover than nMPAs. A transition from the east coast to the west coast was observed.

PSD was lower in MPAs than in nMPAs, both during the day and night.

v" Diurnal PSD displayed an opposite trend compared to the percentage of algae, meaning the diurnal acoustic mass
phenomenon produced by fish was louder in sites with a low algae cover. Nocturnal PSD values were related to the presence
of the majority of Holocentridae species.

MPA vs. nMPA: high frequencies

v" PSD values were not statistically different between MPAs and nMPAs while spectral Fpeak was lower in MPAs than in
nMPAs.

The percentage of coral cover was higher on eastern sites.

AN

AN

v" The total percentage of corals did not explain PSD. PSD values were associated with the presence of Porites, a genus of
stony corals, known to inhabit snapping shrimps.

Pre-bleaching vs. post bleaching: low frequencies

v" Diurnal PSD did not statistically differ when considering all the sites together.

v" Only nocturnal PSD varied, with an average mcrease of 4.07 dB re 1pPa2 Hz—1. This increase was observed at all sites and
was higher in MPAs than m nMPAs.

v' Al the sites, except eastern sites, had a reduction in coral cover. Eastern sites were the only two with an increase in coral
cover. On the CCA, there were smaller changes for eastern sites.

A

Pre-bleaching vs. post bleaching: high frequencies

v Significant nocturnal PSD increases were only observed on the eastern sites.
v There was an interaction between protection status and the year both for diurnal and nocturnal PSD.

v A significant diurnal PSD decrease was only observed at one site. It was associated with a loss in coral cover by a factor of 3
and an increase in algae by a factor of 6,

Key question for the objective of the thesis

How does the biophony vary because of bleaching and protection measures?
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Abstract

Marine Protected Areas (MPAS) can increase the resilience of coral reef communities to
natural disturbances, playing a role in sheltering biodiversity from climate-related impacts and
in the recovery of corals from bleaching events. The objective of this study is to determine if
Passive Acoustic Monitoring (PAM) can assess a resilience effect of MPAs to coral bleaching
events. To reach this goal, the biophony of the external slope of the coral reefs of different
longstanding MPAs in Moorea Island were recorded in 2021 and compared to the one of
adjacent zones outside the MPAs. Then, acoustic data from 2021 were compared to those from
the same locations sampled in 2015, i.e., after and before two bleaching events (2016 and 2019).
Our hypothesis is that the difference of the biophony between these two periods varies within
and outside MPAs. The main result of this study is an increase in the nocturnal high-frequency
(2 — 22 kHz) mass-phenomena of benthic invertebrates, observed only at sites with higher coral
cover post-bleaching compared to the pre-bleaching periods. When assessing the mass-
phenomena with PAM, the observed effect in 2021 is not a global effect of the MPAs. Instead,
it reflects an interaction between time and the protection effect, associated with an east-west
gradient in coral cover resulting from bleaching events. Therefore, PAM is not only effective
in correlating coral cover with sounds but also in assessing the resilience effect of MPAs to
bleaching events.
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1. Introduction

In this century, mass bleaching events caused by extended high water temperatures due to
climate change are a major and increasing cause of degradation of coral reef ecosystems [177—
179,182-184,628]. They alter ecological processes of coral reefs (e.g., photosynthesis,
reproduction, herbivory or predator-prey dynamics) [188] and can cause changes in the size,
diversity and composition of the reefs and their associated fauna [189]. In Moorea (French
Polynesia), regular monitoring of coral cover has revealed that bleaching events have occurred
every 2-5 years over the last four decades [118] (Figure 60), resulting in a variation of the coral
cover that oscillates from <10% to >80%. [629]. Between 2006 and 2010, a combination of
bleaching events, crown-of-thorns sea star (Acanthaster planci) outbreaks and cyclones caused
a loss of coral cover of around 60%, followed by a low restoration. In 2016, global warming
combined to the El Nifio event [630] affected coral reefs again [631], resulting in bleaching
rates up to 44.4 to 61.2% [632]. However, the mortality was under 1% [632,633] and did not
affect recruitment, [633], and consequent coral cover increase. In 2019, high-sea temperatures
provoked a new severe bleaching event [634] in Moorea Island. This time, bleaching was

associated with a significant decrease in coral cover (Figure 60).

(eanye1) ‘adojs |eutaixa) @100 %

1991 1994 2002 2006 2009 2016 2019
1987 2003 2007 2010

1979 1983 1986

* Acanthaster outbreak @ cyclone ﬂ”% massive bleaching event

Figure 60 Timeline of negative events affecting the reefs of Moorea Island since 1979 and percentage of
corals at the external slope of Tiahura (Northwest) since 1987. Black arrows indicate decreases in coral cover
related to the presented events. The presence of a single event can cause a decrease in coral cover but not always.
References: 1979-1986: [120,635], 1983: [178,636-638], 1987: [178,637,638], 1991: [628,638,639], 1994: [639—
641], 2002: [639,641,642]; 2003: [642] Carroll et al. (unpulished data) IN [118], 2006-2009: [643-645], 2007:
[639,644,646]; 2010: [188,645], 2016: [632,633,647], 2019: [634], coral cover between 1987 and 2003: [648]. *:
[120,635] **: [636]. Vertical bars since 2004 are Standard Deviation.
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Marine Protected Areas (MPASs) have been promoted as effective management tools to
protect biodiversity at local and global scales [629]. They are known to increase the resilience
of coral reef communities to natural disturbances, including coral bleaching, coral
diseases, Acanthaster outbreaks and cyclones [649]. Therefore, MPAs can play an important
role in protecting biodiversity from climate-related impacts and in the recovery of corals from
massive bleaching events [650]. The Plan de Gestion de [’Espace Maritime (PGEM) is a
network of eight MPAs on the island of Moorea. It was initiated in the early 90s and finalized
in 2004 [651]. To promote spillover of fish densities outside the MPAs and to integrate the
several ‘associated communes’, the decision was made to create small MPAs instead of a single
large MPA [652]. Therefore, the largest width of these MPAs is 2 km. These MPAs are the only
ones in French Polynesia for which an initial state has been described [652]. This island has the
advantage of containing marine control areas (MCASs) which are non-protected areas that are
used as ‘controls’ in the monitoring of MPAs [233]. Regulations within these MPAs include
reduced boat speed, specific anchoring regulations, prohibitions on fishing, prohibition of shell
collecting, protection of coral, prohibition of littering and discharging wastewater, and
probation of modification of the shoreline. These MPAs cover various marine habitats such as
typical lagoons of high volcanic islands, fringing reef, reef channel, and the external slope down
to 70 m depth [652]. De loma et al. (2008) suggest that inside these MPAs, protection effects
would be better detected in the outer slope habitat than in the barrier and fringing reefs, probably
due to its less-variable geomorphology [629]. Despite the existence of these precise rules
regulating marine spaces and the collection of specific resources, there are few resources
deployed to enforce sanctions in case of violations [651]. This is both because of the difficulty
of observing the infractions and the absence of penalties [651].

While classic monitoring involves visual scuba-diving observations, recent advances
developed Passive Acoustic Monitoring (PAM) as a complementary method [158] (Chapter 6).
Recording sounds is well suited for non-invasive long-term ecosystem-based monitoring as it
provides information about abiotic, biological, and anthropogenic processes simultaneously
[84]. Sounds emitted by animals can inform scientists on the presence, diversity and distribution
of species, the phenology of biological events (e.g., diel, lunar and seasonal cycles of activity),
and habitat quality [70,72,79,163,242,317,338,448,455,653-656]. Soundscapes of coastal reef
ecosystems are dominated by passively emitted transient sounds form benthic invertebrates
(BTS) and fish sounds that form mass phenomena [417] (Chapter 3). Sound pressure level
(SPL) and acoustic indices generally applied to the coastal environment do not differentiate

between different mass phenomena (Chapters 5 and 6). However, it has been shown that
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different habitats show different combinations of mass phenomena [156,277,317,336], and that
these features can differ between species and behaviors [65,243]. Also, the level of these mass
phenomena is related to the abundance of sound-producing species.

In coral reefs, correlations have been found between the biophony (i.e., sounds emitted by
animals within a particular ecosystem) and the coral cover [158]. The SPL of the coral reefs’
biophony has been shown to differ between MPAs and non-protected areas, with higher SPLs
in MPAs, possibly reflecting higher abundance of sound-producing species [158]. On the other
hand, soundscape alteration has been shown to correlate with coral reef degradation [97,98].
PAM has therefore the potential to highlight differences in positive effects linked to protection
measures and negative effects of coral reef degradation. However, these studies generally focus
on very extreme reefs (e.g., pristine reef vs. very degraded reef). It remains largely unknown if
soundscapes reflect combined effects of protection measures and impact of bleaching events.
The objective of this study is to determine if PAM can be used to assess a resilience effect of
MPAs to coral bleaching events. To do so, the biophony of the external slope of the coral reefs
of different longstanding MPAs in Moorea Island were recorded in 2021 and compared to the
one of adjacent zones outside the MPAs. Then, acoustic data from 2021 were compared to
acoustic data from the same locations sampled in 2015, just before two bleaching events (2016
and 2019) that caused a mean coral cover loss of 10.2%. Our hypothesis is that the difference
of the biophony between these two periods would vary within and outside MPAs.

2. Materials and methods

2.1. Data collection

The study was conducted on the outer slope of the coral reefs of Moorea Island (Society
Archipelago, French Polynesia). Two different periods were investigated: pre-bleaching events,
i.e., before the bleaching events of 2016 and 2019, and post-bleaching events. The initial
sampling was carried out for 24 h in 2015 [158]. The second sampling took place over a period
of 14 days in 2021. Both data collections were performed between the end of January and the
beginning of May, corresponding to the warm season (Table SP9 - 1). For both sampling
periods, the same eight sites were surveyed at a depth of 10 m: four located within MPAs
(MPAwest, MPAnorthwest, MPAnorth, MPAEast) and four outside MPAS (NMPAwest, NMP Anorthwest,
NMPARNorth, NMPAEast). These sites, namely Tetaiuo, Tiahura, Pihaena, Nuarei, Gendron,
Papetoai, Entre-deux-baies, and Temae, were selected for the study (Figure 61).
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Figure 61 Sampling sites around Moorea Island: two on the west coast, two on the north-west coast, two on
the north coast, and two on the east coast. MPA = marine protected area.

In 2015, an acoustic recorder miniDSG (Loggerhead Instruments; Sarasota, FL, USA)
connected to an HTI-96 hydrophone (sensitivity: —181 dB re 1 V pPa?, gain: 10 dB) recorded
sounds for 4.4 min per hour at a sampling rate of 48 kHz [158]. In 2021, acoustic recorders
SNAP (Loggerhead Instruments; Sarasota, FL, USA) connected to HTI-96 hydrophones
(sensitivity between —170.1 and —169.6 dB re 1 V pPal, gain between 2 and 2.05 dB)
continuously recorded sounds at a sampling rate of 44.1 kHz. For each site, data from 2021
were compared to the 24-hour recording from 2015. In 2021, four sites were sampled
simultaneously (first set: MPAnorth, NMPANorth, MPAgast, and nMPAEgasst; second  set:
MP Anorthwest, NMPAnorthwest, MPAwest, and nMPAwest) Whereas opportunistic data were used
during the 2015 campaign. In all the MPA except MPAEgas: fishing is prohibited as well as
anyactivity leading to degradation of the marine environment. In MPAEas, fishing is allowed
only with a line or for specific taxa (Gobiidae, Mullidae, and some Scrombidae). The

MP Anorthwest includes a scientific reserve that has been protected since 1993.

2.2. Benthic cover and fish species
Benthic cover and fish diversity data were collected twice, once in February 2015 and again
in February 2021, as part of the scientific monitoring program Service National d’Observation

CORAIL (http://observatoire.criobe.pf). Data were available for all sites except for

NMPAnorthwest. Surveys were conducted five days before the full moon and always during
daytime [657]. At each site, three transect lines were laid parallel to the reef crest at a depth of
10 m (between 7 and 12 m). Each transect line was surveyed twice: once for fish diversity and
once for benthic cover. Three replicates were completed for each transect [652]. The transect

lines were 25 m long and 2 m wide (i.e., 50 m?).
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Fish were surveyed from the surface to the bottom. All observed fishes were identified to
the species level. The entire transect line was surveyed to record the occurrence of very large
or highly mobile fishes, while smaller individuals and more territorial species were counted in
5 m subsections. This process was repeated five times to cover the entire 25 m transect. This

method ensured equal observation time for each portion of the transect [629].

The benthic cover was quantified every 50 cm using the Point Intercept Transect method
[658]. It was divided into ten categories (sand, rubble, dead coral, pavement, Asparagopsis
algae, Halimeda algae, Turbinaria algae, others macroalgae, Millepora fire coral, and
scleractinian corals, see Table SP9 - 2 for details) according to the procedure developed by
Lison de Loma et al. (2008). Additionally, scleractinians were recorded to the genus level. The
proportion (%) represented by each substrate type was calculated as the mean of the three
transects. The total percentage of algae and the total percentage of coral cover were then

calculated.

2.3. Acoustic analyses

To assess the mass phenomena produced by fish sounds, we focused on the low-frequency
part of the soundscapes (bellow 2 kHz) because fish mainly emit sounds in this frequency range
[246] (Chapters 3, 5, and 6). Separately, to assess the mass phenomena produced by benthic
invertebrates, we focused on the high-frequency part of the soundscape (between 2 and 22 kHz)
because this frequency range is known to contain BTS (Chapter 4) mainly produced by
snapping shrimps [23,71,83]. In addition, soundscapes were divided into daytime (7 AM to 5
PM) and nigh-time (7 PM to 5 AM). The protection effect was first assessed using the data from
2021, and then compared to the ones from 2015. Each calendar day for each site was considered

as a replicate.

To study low-frequency fish sounds, all the files were subsampled at 4 kHz. For the analyses
of mass phenomena of high-frequency benthic invertebrate sounds, the files from 2015 were
subsampled at 44.1 kHz. For the files from 2021, no sub-sampling was applied. Then, sound
pressure spectrum levels graphs were generated with custom-made MatLab® routines
(MathWorks, Natick, MA, USA) (LFFT = 256 and 64, overlap = 75% and 50% for low- and
high-frequencies respectively, window = Kaiser). We decided to focus on the power spectral
density (PSD) rather than on SPL because the SPL calculated between 0 and 2 kHz, as
sometimes found in the literature to study fish sounds, is affected by the low-frequency part of
BTS. PSD plots provide an overview of the levels of energy likely to occur at a given frequency
and are source-specific if the source is abundant [84]. The calculation of PSD on frequency
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bands that correspond to animals’ vocalizations is, therefore, linked to the abundance of the
vocal activity of these animals.

Two commonly used features were then measured on each median spectrum: the highest
power spectral density value (PSDepeak, in dB re 1 pPa?Hz 1) and the corresponding frequency
(yFpeak, in kHz). The yFpeak is defined as the frequency at which the power spectral density
is maximal [340]. The recording system has an error of 3 dB. Therefore, changes below |3 dB|

were considered as non-significant.

2.4. Statistical analyses: (1) MPAs vs. nMPAs in the low frequency fish sounds

All statistics were performed using the R software version 4.1.1. (R Core Team, 2021) with
the significance level set at a = 0.05. Acoustic data were averaged to obtain one data per site
per day. Analyses of covariance (ANCOVA) (function Ime) followed by type 1l tests (function
Anova) were conducted for each response variable (diurnal PSDgpeak, nocturnal PSDrpeak,
diurnal yFpeak, and nocturnal yFpeak) on the data collected in 2021 to estimate the presence or
absence of protection as main effect [protection (two levels: MPA or nMPA)], site as random
effect [location (West, Nort-West, North and East)] with moon phase as covariate. Analyses of
variance (ANOVA) were used to compare fish abundance, fish species richness (number of
different species present), and percentage of cover features between MPAs and nMPAs with
location as a random factor. Violins plots were used for visualization (package ggplot2,
function geom-violin). A Canonical Correspondence Analysis (CCA) was conducted to
investigate the influence of benthic cover features (percentage of coral and percentage of algae)
and acoustic features (diurnal PSDrgpeak, nocturnal PSDrpeak, diurnal yFpeak, and nocturnal
yFpeak) on fish assemblages (package vegan, function cca). The CCA was used to understand

the link between fish species, and to relate these species to combinations of the features [431].

2.5. Statistical analyses: (2) MPAs vs. nMPAs in the high frequency BTS band

The same ANCOVAs and violin plots that were used for the low-frequency band were
performed for the high-frequency band. A CCA was conducted to investigate the influence of
benthic cover features (percentage of coral and percentage of algae) and acoustic features
(diurnal PSDrpeak, Nocturnal PSDrpeak, diurnal yFpeak, and nocturnal yFpeak) on coral cover
composition (package vegan, function cca).

2.6. Statistical analyses: (3) pre- vs. post-bleaching in the low frequency fish sounds
ANCOVAs were carried for each response variable (diurnal PSDgpeak, nocturnal PSDrpeak,
diurnal yFpeak, and nocturnal yFpeak). The complete dataset [2015 (n = 8) and 2021 (n = 112)]
was used to assess the interaction effect of year and protection [year (two levels: 2015 or 2021)
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* protection (two levels: MPA or nMPA), random = location (West, North, Northwest, and
East) and moon phase = covariate]. Each calendar day for each site was considered as a temporal
replicate. Only differences greater than |3| dB, i.e., the internal measurement error, were
considered significant. Violins plots were used for visualization (package ggplot2, function
geom-violin). A CCA on all the data was conducted to test the influence of benthic cover
features (percentage of coral and percentage of algae) and acoustic features (diurnal PSDrpeak,
nocturnal PSDrpeak, diurnal yFpeak, and nocturnal yFpeak) on fish community composition
(package vegan, function cca). Protection (MPA or nMPA) and the year (2015 or 2021) were
added as grouping variables to the ordination plot to visualize their relationships to fish

community and features (function ordiellipse, with a 95% confidence interval).

2.7. Statistical analyses: (4) pre- vs. post-bleaching in the high frequency BTS band

The same ANCOVAs and violin plots that were used for the low-frequency band were
applied to the high-frequency band. A CCA was performed to test the influence of benthic cover
features (percentage of coral, algae, pavement, rubble, or sand) and acoustic features (diurnal
PSDrpeak, Nocturnal PSDrpeak, diurnal yFpeak, and nocturnal yFpeak) on coral cover
composition (package vegan, function cca). The protection variable (MPA or nMPA) and the
year (2015 or 2022) were added to the ordination plot to visualize their relationships with coral
genera and features (function ordiellipse, with a 95% confidence interval).

3. Results

3.1. MPAs vs. nMPAs: low frequency fish sounds

In the low-frequency band (below 2 kHz) in 2021, diurnal yFpeak was lower in MPAs than
in NMPAs (x® = 111.62, df = 1, P < 0.0001, Table SP9 - 3). PSDgpeak Was lower in MPAs than
in NMPA, both during the day and night (y* = 110.51 and 19, df = 1, both P < 0.0001, Figure
62). In 2021, fish abundance was equivalent between MPAs and nMPAs (y*=0.31,df=1,P =
0.58, Figure 63, Table SP9 - 4), but MPAs showed a higher fish species richness (¥ = 4.45, df
=1, P=0.035) and a higher percentage of coral and algae cover (y~ = 21.86 and 48.47, df = 1,
both P <0.0001) than nMPAs. The examination of the CCA ordination plot reveals that diurnal
PSDrpeak displayed an opposite trend compared to the percentage of algae, implying that fish
mass phenomena were louder in sites with a low algae cover (Figure 64). Some taxa like
Chaetodontidae (Figure 64, cyan polygon) were clearly reef-associated. The majority of
Holocentridae species (83.3%) were restricted to the upper left corner of the plot (Figure 64,
blue polygon). This area coincides with intense nocturnal PSDrpeak Values. These results

coincide with a known high nocturnal feeding activity of Holocentridae [659]. Positive CCA1
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values are associated with the West coast while negative CCAL1 values are associated with the

East coast.

3.2. MPAs vs. nMPAs: the high frequency BTS band

In the high-frequency band (between 2 and 22 kHz) in 2021, yFpeak was lower in MPAS
than in nMPAs both during the day and the night (x> = 145.74 and 103.84, both P < 0.0001,
Figure 62). This difference is still within the known range of snapping shrimps' sound
emissions. PSDrpeak Values were not statistically different between MPAs and nMPAs (% = 0.27
and 1.69, P = 0.60 and 0.19). Positive CCA1 values were associated with the total percentage
of corals and the presence of Acropora, a genus of usually arborescent/caespitose or tabular
corals (Figure 65). The percentage of coral cover was higher on eastern sites (Figure 65). The
total percentage of corals did not explain PSDrpeak. Negative values of CCA2 were associated
with PSDrpeak and the presence of Porites, a genus of stony corals, known to host snapping
shrimps [660].

212



A Bso
< | P=019

— 82 1 ——
T T
T T 725"
= 90 £
L | -
o @ 700-
m )
Ex 78- A
& A 675
v [7e)
(=% 76 - =%

650 -

MPA nMPA MPA nMPA
protection protection
c P < 0.0001 D ap P < 0.0001
TN 76 - TN
[ [
(= o
= =
- -
© 72 v
=) m 72-
= =
a 68- o
2 & ro-
MPA nMPA MPA nMPA
protection protection
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Figure 64 Canonical correspondence analysis ordination plot of fish assemblages based on Bray-Curtis
dissimilarities of relative abundances of fish species. Acoustic features were calculated in the low-frequency
band (< 2 kHz). Blue arrows show the influence of benthic cover and acoustic low-frequency features. Shapes
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Figure 65 Canonical correspondence analysis ordination plot of the coral/algae assemblages based on Bray-
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3.3. Pre-bleaching vs. post-bleaching: low frequency fish sounds

In the low-frequency band, only nocturnal PSDrpeak varied between the two years (x> = 44.82,
df =1, n =120, P <0.0001), with an average increase of 4.07 dB re 1uPa? Hz tin 2021 (Table
SP9 - 5 and Table SP9 - 6). This increase was observed at all sites (between 2.56 and 6.44 dB
re 1pPa® Hz ) with maximal values at MPAnorthwest. This increase was higher in MPAs than in
NMPASs (4.55 vs. 3.58 dB re 1 pPa? Hz 2, Figure 66). Diurnal PSDrpeax did not statistically differ
between 2015 and 2021 when considering all the sites together. A significant difference (i.e.,
higher than |3| dB) was observed only for MPAnorthwest (3.83 dB re 1uPa? Hz™*). Between 2015
and 2021, the CCA highlighted smaller changes for eastern sites than for all the other sites
(Figure 67). This displacement is related to a decrease in coral cover and an increase in algae
and pavement percentage. All the sites, except eastern sites, had a reduction in coral cover
(between —34% and —3%). Eastern sites were the only two with an increase in coral cover
(between +10% and +21%). All the sites had an increase in algae cover. All the sites, except

the eastern sites, had an increase in pavement cover.
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Figure 66 Violin plots of PSDFpeak in MPAs and nMPAs in 2015 and 2021. (A) nocturnal high-frequency
band, (B) diurnal high-frequency band, (C) nocturnal low-frequency band, and (D) diurnal low-frequency band.

217



A @ B Lﬂ.@ West,
W diurnal FASD,
o 1 &?E East Fpeak
2 Ea ?t"ﬁ astjs' 21 . l_\\lﬁ(r_itgs{est15
West 0 = / A 15
o | . Wé%l’15 coral | noctufhal yFpeak
[S) + e N T )
o2 diufnal PSD,. [ 2 ool P neagumafFpeak o9yl
" Nort s Miorts)
o . / th
— . +Nortle phe. : — = P
o~ North -~ o 21 ~ ST —éWLm R East
§ o . f N 8 Northwest / Fasls
3 @ o 21 pavement - ¥
diurnal yFpeak @
urnaty pTa i octumnal ¥ Fpeak =] Nortfr— i\
- rooR {0 e
< - 21 ° . l\ortfﬁ's"*'*--".l.ﬂ?k?'?_ )
o West, i, | ' East,
< West,, agae 0
- ' East15
S Nortwest,, - East, .
T T T o T T
2 -1 0 1 3 -1 0 1
CCA1 CCA1

Figure 67 Canonical correspondence analysis ordination plot of (A) the fish and (B) coral/algae assemblages
based on Bray-Curtis dissimilarities of relative abundances of (A) fish species and (B) coral/algae genera
between 2015 (green) and 2021 (pink). Crosses show (A) fish species and (B) coral/algae genera. Blue arrows
show the influence of benthic cover and (A) acoustic low-frequency features (B) high-frequency features. Sites
are indicated in green (MPAS) and red (nMPAS). Ellipses are 95% interval: in cyan (2015) and yellow (2021).

3.4. Pre-bleaching vs. post-bleaching: the high frequency BTS band

In the high-frequency band, nocturnal PSDrpeak and yFpeak varied between 2015 and 2021
(x* = 23.35 and 5.62, df = 1, n = 120, P < 0.0001 and = 0.018 respectively). The variation of
nocturnal PSDepeak Was higher in MPAs than in nMPAs (increase of 2.88 vs. 1.96 dB re 1uPa?
Hz 1) but within the |3| dB error of the system. Nocturnal PSDrpeax Variations > |3| dB were only
observed on the three eastern sites (increase of 3.41, 4.79 and 5.93 dB re 1uPa? Hz?, Figure
68). There was an interaction between protection status and the year both for diurnal and
nocturnal PSDrpeak (3% = 40.90, df = 1, n = 120, P < 0.0001). Diurnal PSDgpeak Variations > |3
dB were only observed at MPAnorihwest, With a decrease of 3.13 dB re 1pPa? Hz!. The
examination of the CCA ordination plot reflects this decrease, also associated with a loss in
coral cover by a factor of 3 and an increase in algae by a factor of 6. Diurnal PSDrpeak Seems to

be more associated with coral cover than nocturnal PSDrpeak.
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Figure 68 Schematization of the distribution of loss/gain in coral cover and high-frequency PSDreak
(respectively in blue and orange) between 2015 and 2021. NS = non-significative. ND = no data.

4. Discussion

This study suggests that high-frequency soundscapes reflect a protection effect on coral
cover after bleaching events. In fact, an increase in nocturnal high-frequency mass-phenomena
of benthic invertebrates was observed only at sites with higher coral cover after the bleachings.
The observed effect is not a global one, but rather an interaction between time and protection.
This observation is also associated with an east-west gradient in coral cover resulting from
varying bleaching histories. Therefore, PAM is not only effective in correlating coral cover via
the biophony but it is also in comparing the evolution of coral cover between pre-bleaching and

post-bleaching events. This is true both within and outside MPAs.

4.1. MPAs vs. nMPAs

In the high-frequency BTS band (between 2 and 22 kHz), no differences in PSDrpeax Were
found between MPAs and nMPAs. However, a difference of coral cover was observed between
MPAs and nMPAs in 2021 (21.7% vs. 14.9%, respectively). This difference was not significant
enough to be reflected acoustically when measuring only two parameters of the BTS mass-
phenomena. In terms of fish mass-phenomena, diurnal PSDrpeak Was lower in MPAs. It was also
lower in sites with high algae cover. To understand this result, it is necessary to consider that,
in addition to higher coral cover and greater fish species richness in MPAs, MPAs in Moorea
had a higher percentage of algae cover as well. In addition, the comparison between MPAs and
nMPAs is complicated by the violations related to prohibited fishing [651] reducing the
observation of a MPA effect. Finally, yFpeak differed between MPAs and nMPAs. These last
pattern may reflect differences in the species present responsible for the mass phenomenon.

Further investigation is needed to better understand this result.
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Correlations between low-frequency SPL and coral cover have been described in the
literature, specifically at night [158]. However, caution is needed when using the SPL calculated
between 0.02 and 2 kHz to infer fish acoustic behaviour, as it can be affected by the low-
frequency component of broadband transient sounds produced by benthic invertebrates. This is

not the case when using PSDrpeak Mmeasurements.

4.2. Pre-bleaching vs. post-bleaching

When comparing pre-bleaching and post-bleaching soundscapes, a significant increase in
the nocturnal high-frequency biophony was found on the eastern sites. These findings are in
agreement with visual observations showing that Eastern sites were the only ones with a higher
coral cover in the post-bleaching period compared to the pre-bleaching period. In 2016,
bleaching was more severe on the west coast (up to 100% Acropora colonies bleached) and on
the north coast (twice the number of Pocillopora colonies bleached compared to the other
coasts) [647]. The situation was more mitigated in the north coast than in the west coast
[632,633]. In 2019, the bleaching event seems to have been shorter on the east coast compared
to the west and north coasts [634]. Consequently, this resulted in a higher coral mortality on the
north coast, intermediate mortality on the west coast, and lower mortality on the east coast.
During the day, a significative decrease in PSDrpeak Was observed at MPAnorthwest. This IS
consistent with the high coral mortality observed in this area (Service National d’Observation
CORAIL). This positive relationship between high PSDrpeak Values and coral cover agrees with
the SPL observations made by Bertucci et al. (2021).

The impact of these bleachings was not equivalent across MPAs and nMPAs. In 2015, the
MPAs had less coral cover than the surrounding areas, while in 2021, the MPAs had a higher
percentage of coral compared to nMPAs. This change in coral cover highlights a resilience
effect of Moorea’s MPAs, an effect that can be effectively assessed using PAM. In the eastern
sites, the resilience is clearly evident with PAM, whereas for the western sites, we can
hypothesize that if the destruction of coral cover was too significant, more time is needed to

observe a resilience effect.

4.3. Effectiveness of passive acoustics monitoring
In this study, we focused on the acoustic mass-phenomena produced by both fish and benthic
invertebrates, mainly snapping shrimps [23,24,71]. It appears that the mass phenomena
produced by fish may be less dependent of the health of the coral reef compared to the
broadband transient sounds produced by snapping shrimps. It is known that Pomacentridae
contribute significantly to the low-frequency mass phenomenon [397], and certain abundant
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vocal species (e.g. Stegastes spp.) primarily feed on filamentous algae [661], which can also be
found on degraded reefs. To obtain more information about the link between fish sounds and
the health of the reef, it is likely necessary to study the diversity of fish sounds and not only

two features of their mass phenomena (Chapter 6).

Among the various acoustic features tested, high-frequency PSDrpeak Values demonstrated
the strongest correlation with temporal changes in coral cover in Polynesian scleractinian-
dominated habitats. Compared to fish sounds, benthic invertebrate sounds exhibit several
advantages: (1) they are less masked by the geophony (which is crucial as the geophony level
is known to increase due to a rise in storm frequency [16]) and the increasing anthropophony
levels [662], (2) they more accurately reflect changes in coral cover and, (3) they are easier to
assess with automatic methods. We suggest including a measurement of nocturnal benthic
invertebrate sounds in long-term coral reef monitoring studies due to its cost-effectiveness and

complementary nature with respect to classical monitoring methods.
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PART V: DISCUSSION
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Chapter 10. General discussion
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KEY INFORMATION

Vanation and propagation of the ‘mass-phenomena’ biophony from coral reefs in the Anthropocene

v The use of acoustic cues is dependent of the loudness of the sounds from the reef that is impacted both by the
anthropophony and by the modification of the biodiversity.

v They also depend on the non-loudness of the ambient noise off the reef that is impacted by ship traffic and by the geophony
that is also impacted by (7) an increase in storm energy because of climate change, (2) sound absorption decrease caused by
ocean acidification and (3) increasing anthropophony levels.

v" Daytime and night-time sound levels, detection distances and impacts are not equivalent.

A 4

Production and variation of the biophony from photic and mesophotic reefs

v" Depth was a major driver of differences of the types of biophony and their diel cycles.

v" SPL was less intense at depth but peculiar peaks of BTS and many fish sound types were recorded in MCEs. The most
abundant sounds were pseudo harmonic sounds sharing similarities with those produced by temperate species of Scorpaena.

v" MCEs have their own communities which is reflected in their biophony.

Main conclusions

v The biophony can propagate up to 90 km, although maximal detection distances vary from less than 0.5 km to 22 km. Boat
noise, bleaching events, and protection measures have been shown to impact the biophony and its detection distance.

v The biophony exhibited a vertical stratification. Similarities have been found between the sonic morphology of Polynesian
species and known temperate sonic species from the same families producing sounds similar to those from Polynesian
MCEs. Depth affected sound types, diel cycles, and sound specialization.

v Cyclic activities were found in deep MCEs; fish sound cycles and biophony changes after bleaching events were also noted.

h 4

Perspectives for further works

v To assess which sound types can serve as ecological indicators and to actively pursue the automatic detection of these
sounds in Polynesian reefs.

v To test acoustic enrichment in Polynesian nMPAs.

v To enhance the identification of the sonic species by deploying cameras and networks of hydrophones in MCEs and in the
reef-faunal zone below it, named the rariphotic zone.

225



General discussion

Coral reefs, being one of the most significant biodiversity hotspots on Earth, unsurprisingly
exhibit a very rich biophony. All three primary vocal groups at sea (marine mammals, fish, and
benthic invertebrates) are present in French Polynesian coral reefs. This thesis focuses on the
study of sounds emitted by both fish and benthic invertebrates, revealing that these two taxa
produce distinct sounds (low-frequency sounds in the case of fish, and broadband transient
sounds at higher frequencies for benthic invertebrates).

In instances where a multitude of fish vocalize simultaneously or when the distance between
the emitter and the acoustic recorder increases, fish sounds manifest as a “‘mass phenomenon’.
The methods employed to study ‘mass phenomena’ differ from those used to investigate
discernable near sources of fish sounds. Consequently, these two categories were examined

separately in this thesis.

1. Variation and propagation of the ‘mass-phenomena’ of the biophony

from coral reefs in the Anthropocene

In the Anthropocene, this biophony is influenced by both anthropogenic acoustic and non-
acoustic phenomena, which were examined in Chapters 3 and 9. When investigating the
horizontal variations of the acoustic ‘mass-phenomena’ (Chapter 3), the reported
propagation/detection distances were affected by anthropogenic factors (such as ship traffic),
and by geophony. Additionally, in the Anthropocene, soundscapes are impacted, resulting in
changes due to the globally increasing background noise caused by (1) elevated geophony
levels linked to increased storm energy from climate change [16], (2) decreased sound
absorption caused by ocean acidification [663,664] and (3) rising anthropophony levels [662]
(Figure 69). Through this thesis, we performed a case study on these modifications on

Polynesian photic reefs.

The ‘mass-phenomena’ of the biophony encompasses both numerous BTS (e.g., exceeding
100 st in the 3.5—5.5 kHz band in the photic reef) and fish sounds at lower frequencies. These
two phenomena contribute to the distinctive ‘camel humps’ pattern observed in PSD graphs in

coral reefs (Figure 27A).
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Figure 69 Relationships between human impacts, the biotope, and the biocenosis (in grey, brown, and blue
respectively). Arrows indicate positive correlations (green) and negative correlations (red). The three main
components of soundscapes (i.e., the biophony, geophony, and anthropophony) are represented by squares.

Understanding the (variation in) propagation of the biophony to the open ocean is crucial, as
soundscapes are recognized to provide orientation and/or habitat choice cues for many taxa
[128,133,134], including invertebrates [263-270], fish [271-276], and cetaceans [254,255].
In the literature, propagation and detection distances have been assessed using theoretical
models [247-250]. In this thesis, in situ measurements revealed that benthic invertebrate
sounds between 3.5 and 5.5 kHz could propagate over 50 km under an average wind regime of
6 kn. In contrast, fish sounds (200 to 500 Hz) would not propagate beyond 2 km.

When comparing these results with audiograms of different taxa, two distinct ranges emerge.
The first is a long-distance range (up to more than 17 km) for cetacean orientation. The second
is an intermediate distance range (up to 500 m) for fish and invertebrates post-larvae habitat
choice. For the latter, sounds from the reef appear to be essential, along with other cues such as
vision [129] and olfaction [127,130-132]. This multi-cue approach has been demonstrated in
field experiments for fish larvae [665-667] and adults [668]. For instance, Lecchini et al. (2005)

showed that detection distances increased when olfactory cues were added to visual/acoustic
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cues. In the literature, this flexibility in cue choice is hypothesized to enhance fitness by
increasing successful settlement [135]. Other studies suggest that larvae may orient differently
depending on the distance to the reef [669,670]. Initially, they might orient by magnetic cues,
polarized light, sun compass, or ‘swim towards a particular cardinal direction maintaining an
angle relative to the mean direction of surface capillary waves’ [135,669]. Subsequently, they
could use acoustic and olfactive cues [669]. Finally, vision becomes effective close to the reef
for habitat-selection [135].

In the context of global change, the rise in atmospheric CO: levels resulted in increased
H>COs. This ocean acidification causes a decreased sound absorption at low frequencies
(mainly below 500 Hz) due to absorption by borate ions only as the absorption due to
magnesium sulfate is not pH-dependent [671]. In fine, the absorption decrease leads to
amplified levels of ocean ambient noise [672], which impact propagation distances. The
effective use of acoustic cues depends on the loudness of sounds originating from the reef
and the absence of ambient noise beyond the reef. Unfortunately, in the Anthropocene,
both conditions are impacted (Figure 69). The biophony is affected both directly by the
anthropophony and indirectly by changes in biodiversity. Ship noises are categorized as
traffic noise and passing ship’s noise. Ship noise, generated by ship(s) in close proximity,
causes short-term variations in the soundscape [5]. Traffic noise, on the other hand, results from
the combined impact of all non-immediate ship traffic [5] across an entire basin, persisting even
when no ships are visible nearby [4]. In Polynesia, the impact of ship noises is present but
limited compared to other global regions. In addition, traffic noise affects propagation
distances [212][213]. This thesis reveals that the impact is lower for BTS than for fish
sounds. With a Wenz’s ship traffic index of 2, propagation distances decreased by less than
1% for BTS (band: 3.5-5.5 kHz, ANL)and by a factor of 8 for fish sounds (200-500 Hz,
vyANL). Additionally, acoustic fish ‘mass-phenomena’ were louder during the daytime (a
period with a higher local anthropophony) leading to diel differences in detection distances,
with fish generally experiencing shorter detection ranges at night, but not for hearing specialist
(e.g., Holocentridae, see Chapter 3). From a biological point of view, these differences are
important as fish larvae move offshore at night [134,260,673] and are more abundant near reef
waters at night [674]. However, fish settlement is complex with many species settling
predominantly at night [673,675,676], but others during daytime [261,677] or both [673]. The
nocturnal vocal activity in reefs should be even more important during some period, such as

new moon periods, because it is known that moon phase has an influence on ichtyoplankton
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near reef crest [678] with a tendency to settle at new moon periods [679] coinciding with peaks

in reef biophony [680].

Biodiversity positively influences the biophony, which, in turn, positively influences
recruitment. Ultimately, a higher recruitment rate contributes to increased biodiversity on
the reef, sustaining a virtuous circle [681,682]. However, the difference between virtuous
and vicious is subtle. An altered ecosystem will be acoustically modified, resulting in
modified recruitment [190]. A major cause of coral reef degradation is climate change
[177], as elevated sea temperatures are associated with mass bleaching events [178,179,182—
184]. In Moorea Island, bleaching events have occurred every 2-5 years [118]. This includes
the ‘third global coral bleaching event’ [630,631] in 2016.

In this thesis, we examined how PAM could be employed to assess the resilience of MPAs
to long-term changes resulting from mass bleaching events. Recorders were deployed on the
reefs in 2015 and again in 2020/2021, following the 2019 bleaching event that had a severe
impact on Moorea reefs, causing colony mortality ranging from 11 to 42% within four months
[634]. The most affected colonies were mainly those exceeding 30 cm in diameter, revealing a
significant impact on the overall reef structure [634]. Our study on the impact of this event on
biophony using PAM showed benthic invertebrate sounds were not only effective in correlating
coral cover with sounds but also in assessing the resilience effect of MPAS to bleaching events.
Among the advantages, we identified a lower impact by the geophony and anthropophony levels
and a better suitability for automatic detectors. Regarding management strategies, incorporating
measurements of benthic invertebrate sounds in coral reefs would allow to have a cost-effective
method that could be used for long term assessment with a high temporal resolution both during

daytime and night-time.

2. Production and variation of the biophony from photic and mesophotic

reefs
To understand the variation in the biophony of Polynesian coral reefs, it was crucial to
consider also the acoustic vertical aspect of the reefs. Therefore, we conducted for the first time
different acoustic studies on the mesophotic part, which constitutes approximately 80% of coral
reefs surface [321]. These studies focused both on benthic invertebrate sounds — examining
their diel cycles and vertical stratification (Chapter 4) — and fish sounds. Fish sounds from
MCEs were examined to understand (1) their variation with depth and type of island, (2) how

depth influenced diel cycles and realized acoustic niches, and (3) which species could produce
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them (see Chapters 6, 7, and 8, respectively). For both sounds of benthic invertebrates and fish,
depth emerged as the primary driver of differences. When solely considering the SPL of the
biophony, it was less intense at greater depth. However, distinctive peaks of BTS and many fish
sound types were recorded in MCEs with a transition from the euphotic compartment to lower
MCEs (Figure 70). Depth also influenced fish diel cycles and the temporal partitioning of the
acoustic scene, leading to sound specialization with more specific time periods. The differences
in the biophony of photic and mesophotic reefs also impact on a-acoustic indices, which exhibit
variations in performance with harmonic sounds compared to PS sounds [396,414] (Chapter
5). For benthic invertebrate sounds, differences in terms of diel cycle were also highlighted

between the lower MCEs and upper compartments.

In addition to vertical stratification, a quick look at Figure 70 also shows that one sound type
clearly dominates the biophony of MCEs. This sound type, named AS4, is a pseudo harmonic
ultrafast pulse series that account for 40 to 66% of all sound types during sunset in lower MCEs.
AS4 is similar to a sound produced by temperate species of Scorpaena (Scorpaenidae). In
Polynesia, lower MCEs host both Scorpaena and Scorpaenopsis, two closely related genera.
These genera exhibit a similar sonic morphology, characterized by muscles prolonged by
tendons including one with an unusual division into two bundles by the Baudelot’s ligament.
This sonic morphology markedly differs from that observed in other Scorpaenidae genera (e.g.,
Dendrochirus, Pterois, and Pontinus), further emphasizing the diversity in fish sonic

morphology.

In the field of MCEs’ ecology and conservation, the protection of MCEs has been grounded
in their role as refugia for photic reefs based on the ‘deep reef refuge’ hypothesis [109,111,683].
Due to an overlap between MCEs and photic communities, some species that had disappeared
in photic reefs may persist in MCEs [684,685], subsequently recovering in photic reefs via
vertical connectivity [686,687]. However, recent studies emphasize that MCEs are biologically
diverse [688,689] with a high level of endemism [690] and unique communities [691,692],
constituting a new argument for their protection [693]. The peculiarities of the MCEs’ biophony

in Polynesia align with the findings of this second set of studies.
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Figure 70 Schematization of vertical differences in fish sound types in Polynesian coral reefs during sunset.
Slope between the surface and 80 m is based on Moorea Island (Tiahura) [122-125]. Benthic cover assemblages
are based on biological data from Chapter 4 and 6 except for the diversity of scleractinian which is based on [332].
The superior depth limit of mesophotic coral reefs is based on [106—-108]. Shapes represent the most abundant fish
sounds recorded between 5 and 7 PM (see Chapter 4) colored by acoustic category: pulse series stricto sensu (in

blue), ultrafast pulse series (arched sound, in orange), and frequency modulated sounds (in green). Sound types

are named according to Chapter 4. FPT = fast pulse train, PS = pulse series, AS = arched sound, DS = downsweep,

US = upsweep, CS = complex sound, CCA = crustose coralline algae.

3. Main conclusions
The biophony of French Polynesian coral reefs encompasses both fish and benthic
invertebrate sounds. It varies along horizontal axes (both offshore and lateral) and a vertical

axis. In addition, these axes are subject to temporal variations.
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From the reef to the open ocean, the biophony can propagate up to 90 km, although maximal
detection distances vary depending on the species and life stage, ranging from less than 0.5 km
to 22 km. In the Anthropocene, however, these distances can be diminished due to both
meteorological conditions and anthropogenic noise. Lateral variations in the biophony depend

on features such as benthic cover (e.g., coral or algae percentage).

Along the vertical gradient, both benthic invertebrate and fish sounds exhibit stratification
primarily driven by depth. Several sounds from MCEs shared similarities with those emitted by
species from other environments. The sonic morphology of those species shared similarities

with the ones found in species from Polynesian MCEs.

The temporal axis can be studied at various time scales. In photic reefs and upper MCEs,
sounds produced by benthic invertebrates were louder at night but more abundant during the
daytime. However, in lower MCEs, the activity rhythms of benthic invertebrates exhibited low
or highly variable levels of diel variation. Nevertheless, a distinct peak in the number of BTS
was observed between 7 and 9 PM at a depth of 120 m, potentially indicating cyclic activities
of a particular species and supporting the existence of different invertebrate communities,
particularly in deep mesophotic reefs. Diel cycles of fish sounds were also influenced by depth.
At a longer time scale, changes in the biophony have been observed between bleaching events

in French Polynesia, attributed to variations in coral cover.

4. Perspectives for further works

4.1. Ecological indicators and automatic detection of discriminable near sources of fish
sounds

In this thesis, high-frequency (i.e., 2 to 22 kHz) PSD measurements were shown to be
effective in accessing changes in coral cover over time. This effectiveness was not observed for
low-frequency (i.e., below 2 kHz) PSD measurements. Differences in yFpeak and PSDrpeak
were observed between MPAs and nMPA (Chapter 9). These differences are presumed to be
linked to variations in species composition, but further investigations are required for a
comprehensive understanding. To delve deeper into these distinctions, we are examining
different fish sound types at the level of the individually identifiable sounds of the biophony,
using the methodology described in Chapter 6 and data from Chapter 9 [694]. Comparing sound
types between MPAs and nMPAs will help identify which sound types can provide insights
into the reef’s condition (e.g., high coral cover). In the Mediterranean Sea, a sound type named

/kwa/ has proven to be relevant for monitoring seagrass meadows. This sound has a higher
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frequency compared to other concomitant fish sounds and, therefore, was the only sound
detectable under anthropogenic noise conditions [281]. Similar studies have not yet been
conducted in coral reefs.

Once the relevance of a sound type as an ecological indicator will have been established in
coral reefs, automatic detection methods could be employed to circumvent time-consuming
manual work. For acoustic data, automatic methods, such as machine learning techniques, have
the potential for a significant impact and have recently gained more attention [695]. However,
until recently, many of these methods were constrained by the requirement for large amounts
of data for testing and training [695]. Moreover, the training dataset should encompass all
variability within the sound type under study [696]. For these two reasons, it is challenging to
use machine learning techniques for rare sounds, that are pertinent in acoustic biodiversity
assessment [84]. Thus, the need has been expressed by the scientific community to develop a

web-based reference library and a training platform for artificial intelligence algorithms [697].

Currently, various methods have proven successful in detecting temperate fish sounds in
their natural environment. These methods have been independently developed by different
teams to detect sounds produced by one or several taxa, such as Batrachoididae [698,699],
Labridae [700], Sciaenidae [701-704], Serranidae [595,705], or Ophidiidae [706]. However,
not all algorithms are universally effective for all species. For instance, the algorithm developed
for Halobatrachus didactylus sounds does not perform well for other concomitant sound types
[698]. Conversely, the algorithm developed by Le bot et al. (2015) [707] is suitable for PS
sounds (e.g., for UFPS = kwa, PS and APPPS [163]) but not for FM. Sounds produced by H.
didactylus share several similarities with FM sounds from Polynesian mesophotic reefs (e.g.,
CS1), even if they are not produced by the same fish family (see Chapter 6 for the sound
description and Chapter 8 for shared similarities). On the other hand, UFPS, PS, and APPPS
are highly similar to sounds like AS4, PS7, and PS10, respectively. Due to their similarity, we
suggest testing such methods on coral reefs sounds. Preliminary testing of the method
developed by Le bot et al. (2015) for detecting Polynesian fish sounds was carried out. The
algorithm was tested under five conditions: (1) only high SNR sounds of interest, (2) a mix of
low and high SNR sounds of interest, (3) a mix of sounds of interest and other fish sounds, (4)
only other fish sounds, and (5) a mix of fish sounds and anthropogenic noise (Figure SP10 - 1).
Preliminary results indicate good potential of this method for AS4 sounds from MCEs. Further
research needs to be conducted to apply existing algorithms developed for temperate fish

sounds to more coral reefs fish sounds. More recently, the automation process in bioacoustics
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research has been standardized through convolutional neural networks (CNN) — for an
exception example see hidden Markov models [698] — a methodology derived from image
processing [708-710]. In fish, examples of CNN use are found in diverse taxa such as
Pomacentridae [711], Scianidae [704], and Serranidae [705]. When the study does not center
on a specific species, the uniform manifold approximation and projection (UMAP) followed by
hierarchical density-based spatial clustering (HDBSCAN) could be an approach to study fish
sounds over extended time periods [712].

4.2. Automatic methods for the ‘mass-phenomena’ biophony

In this thesis, the ‘mass-phenomena’ biophony was investigated using long-term
spectrogram analysis and power spectral density plots, both of which are influenced by
continuous signals. To enhance the detection of transient signals, an existing method involves
calculating the difference between a classical spectrogram (combining background ambient
noise and transient sounds, denoted as RL) and a spectrogram of the background noise only
(ANL) [84,280]. This calculation results in a spectrogram highlighting only the transient sounds
(RL — ANL) [84]. Automatic methods to suppress environmental and anthropogenic noise to
focus on fish choruses without a need for training data [703,713,714] and with CNNs are being
developed [715]. Similarly, SoundScape Learning uses unsupervised automated method
through integration of both unsupervised clustering and a neural network to detect fish chorus
[716].

In Polynesian reefs, within a low frequency band (10 — 800 Hz), pattern recognition
algorithms successfully differentiated sound sources into four groups: geophony,
anthropophony, biophony, and unidentified sounds [325]. In addition, based on preliminary
results with data from Polynesian coral reefs, UMAP appears capable of detecting boats,
whales, and depth-induced variations. Further investigation is necessary to assess how these
software tools could be employed for studying the complex underwater biophony present in

coral reefs.

4.3. In mesophotic reefs

In this thesis, bathymetric and diel differences were explored in mesophotic reefs. While
both fish and benthic invertebrate were studied as the two main categories of sonic species, the
focus of identification was on fish. Nevertheless, distinctive sonic cycles of high frequency
sounds were observed around 7 PM at a depth of 120 m. This finding warrants further
investigation to identify the (group of) species responsible for this sonic activity. However,
identifying this taxon poses a significant challenge. One approach could involve sampling
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various benthic invertebrates at 120 m and recording them in aquaria. Both the capture of
specimens and their transfer to the surface have a high failure rate. Another option would be to
use cameras for in situ filming. However, light interference could affect this nocturnal sound
emission, and the probability that the emitting species is small and/or cryptic is very high. In
my opinion, a more effective strategy would be to introduce an additional step prior to the
identification process. | recommend employing a network of hydrophones to obtain more
precise information regarding the microhabitat type used by this taxon.

4.4. Below mesophotic reefs

This thesis delves into a wide depth range, extending from the surface down to 120 m. This
span encompasses both the (alti)photic (0 to 30/40 m) and the mesophotic zone (30/40 to
130/150 m) of the reefs. However, tropical photosymbiotic reefs extend beyond the 120-m
mark. Current knowledge places the lower limit of photosymbiotic scleractinian corals at 172 m
[110], as demonstrated by Leptoseris hawaiiensis in the Gambier Archipelago (French
Polynesia), thriving in an environment with less than 1% surface irradiance [110]. The reef-
faunal zone immediately below the mesophotic but above the deep aphotic is termed rariphotic
[107]. The rariphotic zone forms a continuum of reef fishes with the altiphotic and mesophotic
zones [107]. Despite this continuity, the rariphotic fish assemblage exhibits distinct
characteristics [717]. Regarding benthic communities, connectivity to shallow reefs from the
rariphotic zone is limited [718]. This underscores the importance of managing deep reefs as

separate entities from shallow reefs [718].

Nothing is known about the biophony of the rariphotic zone in French Polynesia. For this
thesis, data on MCEs were collected with rebreather scuba-divers. However, this technique is
not suitable to study the rariphotic zone. Depths below 150 m have been researched mostly with
submersibles and unmanned vehicles [719]. For PAM, a more cost-effective option involves
employing an acoustic release, comprising a hydrophone, a battery, and a hook. An acoustic
signal is used to remotely open the hook, triggering the release of the anchor. A preliminary
investigation into the biophony of the lower rariphotic zone (240 — 319 m, [235]) was conducted
on Moorea Island during the ULIEGE-22 mission. A SNAP recorder (Loggerhead Instruments,
Sarasota, FL, USA) connected to a HT196 hydrophone (High Tech Inc., Long Beach, MS, USA)
was affixed to an Acoustic Release AR701 (iXblue, Saint-Germain-en-Laye, France) (Figure
SP10 - 2). After ten days of continuous recording, it was retrieved with a TT701 telecomand

(iXblue, Saint-Germain-en-Laye, France).
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Preliminary spectrogram observations reveal boat passages during the daytime, while
transient sounds, characterized by a peak frequency of approximately 9 kHz, are detected 30
minutes after sunset for approximately 15 minutes (Figure 71 and Figure 72). In the low-
frequency band (i.e., below 2 kHz), there is an abundance of whale vocalizations and fish
sounds (Figure SP10 - 3 and Figure SP10 - 4). These fish sounds appear to share similarities
with some sound types found in mesophotic reefs. Further in-depth investigations are necessary

to gain better understanding of the biophony of the rariphotic zone.
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Figure 71 Spectrogram of the soundscape recorded at 300 m at Moorea (24h, from 5PM to 4:59 PM). LFFT
= 64, overlap = 50%, window = Kaiser. The white dotted box highlights a sound production during ca. 15 min
from ca. 6:10PM with a peak frequency around ca. 9 kHz.
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Figure 72 Spectrogram of the soundscape recorded at 300 m at Moorea around 6:15 PM between 1 and 20
kHz. FFT = 256. The white dotted box highlights a sound production during ca. 15 min from ca. 6:10PM with a
peak frequency around ca. 9 kHz.
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Appendix to Chapter 1

Figure SP1 - 1 Diver at the North-West coast of Moorea Island in (A) the 70’s and (B) 2021, illustrating the
evolution of sampling techniques. Both studies had the objective of gathering information on the diversity of
species present. The left image, originally published in 1979 with the caption ‘Sampling by poisoning. In the lower
part of the photograph we can still distinguish the cloud of rotenone’ [720]. The right image shows an acoustic
recorder placed on the external slope as part of this thesis. Photographers: C. Rivers and K. Eustache.

Figure SP1 - 2 (A) Introduction to acoustic values, (B) introduction to acoustic propagation in the ocean,
(C) introduction to hearing in marine animals, and (D) mechanisms of fish sound production.

Table SP1 - 1 Main marine protected areas lato sensu in French Polynesia. Marine educative areas (MEAS)
are not included in this classification. P = fishing prohibited, R = fishing restrictions, N = net fishing prohibited, S
= fishing restrictions for specific fish species, G = giant clams protection, T = special protection for turtles and
birds, RA = rahui [230,721,722]. res. = reserve. MPA = Marine protected area. ZPR = Specific fishing regulations
area. NT = Natural tourist area. RA = Traditional alternating fishing area. HP = Protected habitat area. NP =
Protected natural area. Rl = integral reserve. | to VI: levels of the Environmental Code (Integral reserve and
wilderness area, Territorial park, Natural monument, Habitat and species managed area, Protected countryside,
and Managed area).

Municipality Island Name Category Year of Fishing
protection
Society Archipelago
Maupiti Manuae and Scilly et | (1971), 1992 P
Motu One Bellinghausen
Moorea Maio Moorea Tiahura MPA (PGEM) 2004 P
+ scientific res.
Tetaiuo MPA (PGEM) 2004 P
Taotaha MPA (PGEM) 2004 P
Pihaena MPA (PGEM) 2004 P
Aroa MPA (PGEM) 2004 P
Nuarei MPA (PGEM) 2004 R
Ahi MPA (PGEM) 2004 R
Maatea MPA (PGEM) 2004 R
Maharepa ZPR (PGEM) 2004 R
Papetoai ZPR (PGEM) 2004 R
Maio - rahui - R



Arue Tahiti Baie de Matavai ZPR 2007 S
Mahina Tahiti Baie de Muriavai ZPR 1997 N
Tahiti Hotu Ora ZPR 2015 P
Pirae Tahiti Baie du Taaone ZPR 2003 N
Faa’a Tahiti Moana nainai ZPR 2006 P
Punaauia Tahiti Tata’a ZPR 2016 R
Tahiti Nuuroa ZPR 2016 R
Tahiti Atehi ZPR 2016 R, P
Papara and Tahiti Atimaono ZPR 2019-2021 R, P
Teval Uta
Papara Tahiti Pointe Patere ZPR 2020-2021 R, P
Teva l Uta Tabhiti Teva | Uta ZPR 2015 S
Lagon de Mataiea  rahui In progress RA
Tairapu-Ouest  Tahiti Teahupoo VI 2014 -
Taiarapu-Est Tahiti Rahui Pueu ZPR 2018-2022 P
Tahiti Motu Nono ZPR 2018-2022 P
Tahiti Anse de Teihipa ZPR 2018-2020 P
Tahiti Tautira ZPR 2018-(2022) P,S
Arue Tetiaroa - - 2014 N
Nord ZPR 2014 R
Sud ZPR 2014 P
Taputapuatea Raiatea Puohine ZPR 2020-2021 R&P
Huahine Huahine Lagune de Faauna - 1970 R
Rahi
Lagon de Haapu rahui 2012 RA
Tuamotu Archipelago
Tatakoto Tatakoto Hopue ZPR 2004 G
Pokego ZPR 2014 G
Tahuna Arearea ZPR 2014 G
Kivakiva Tekoroa  ZPR 2014 G
Rangiroa Rangiroa Te Roto Uri ZPR 2015 R
Fa’ahotu
Mataiva Village de Pahua ZPR 2018 N, R
Hoa Hitirari ZPR 2018 N, R
Hoa Ruatao ZPR 2018 N, R
Hoa Ohutu ZPR 2018 N, R
Tiatiaia ZPR 2018 N, R
Est du lagon et ZPR 2018 N, R
Motu Manu
Makatea - Rahui RA crustaceans
Manihi Manihi Manihi ZPR 2017-2022 N, R
(including the
‘zone de
reserve’ of
Tairapa)
Reao Reao Hakahiri ZPR 2016 G
Tegagiefanaugatua ZPR 2016 G
Anaa Anaa Génaa Taku-Tua ZPR 2020-2024 R
Génaa Taku-Aro
Arutua Arutua Roren ZPR 2021-2025 R, P
Direct authority ~ Moruroa - Military site 1964 (1980) -
of the French Fangataufa - Military site 1964 (1980) -

government

Tuamotu Archipelago: Commune of Fakarava Biosphere

area, and transition zone

Reserve (since 1977) with a central area, buffer

Fakarava

Taiaro W. A. Robinson | & MPA 1972, 2007 Almost P
- VI 2016 R
Raraka - HP, IV 2007, 2016 R, T



- rahui 2007 RA crustaceans
1 year
- VI 2016 R
Fakarava Fakarava NP & IV orVI 2007 P,R
rahui 2007 RA fish 2 years
rahui RA crustaceans
2 years
NT & V 2007 R
Niau Niau Rahui 2007 RA fish 6
months
Rahui RA crustaceans
and mollusks 6
months
I 2016 P
VI 2016 R
Avratika Avratika NP, IV 2007, 2016 P
VI 2016 R
Kauehi Tupaka HP, IV 2007, 2016 P, T
Tupanui HP, IV 2007, 2016 P, T
Vairatea HP, IV 2007, 2016 P, T
Mahuehue HP, IV 2007, 2016 P, T
- NT 2007 -
- VI 2016 R
Toau Otokau NP, IV 2007, 2016 R
Puanea NP, IV 2007, 2016 R
- NT 2007 -
- NT, VI 2007, 2016 R
- v 2016 R
- VI 2016 R
Marquesas Archipelago
Ua Huka Ua Huka Tokatai ZPR 2020-2023 P
Teuaua ZPR 2020-2023 P
Nuku Hiva Eiao Eiao v 1971, 1992 P
Hatutu Hatutu v 1971, 1992 P
Motu One Motu One v 1971, 1992 P
Hiva-Oa Motane Motane v 1971, 1992 P
= Moho Tani = Moho Tani
Ua Pou Ua Pou - Rahui In progress RA
Austral Archipelago
Rapa Rapa - rahui - RA
Tubuai Tubuai Taahueia ZPR In progress RA?
Tubuai Tubuai Mahu ZPR In progress RA?
Tubuai Tubuai Mataura ZPR In progress RA?
Raivavae Raivavae ? ZPR In Progress ?
All archipelagos
- - Tainui Atea VI 2018 -



Appendix to Chapter 2

Table SP2 - 1 Sampling sites used in the thesis.

Island Site Depth (m) Month  Year Replicates Mission Type Chapter
Bora-Bora 20,60,and 120 09 2018 1 replicate of 72 h UTP3 Acoustic 4and5
100-400 07-08 2022 N/A ULIEGE-22 Fishing 8
Mangareva 20 and 60 04 2019 1 replicate of 72 h UTP3 Acoustic 4and5
Moorea Open ocean 5 05 2016 78 stations between 50 m and 10 CHORUS-16 Acoustic 3
km from the reef crest
Ta’ahiamanu 0-28 07-08 2022 N/A ULIEGE-22 Fishing 8
E2B 10 2015 1 replicate of 24 h CRIOBE-15 Acoustic 9
10 01-02 2021 2 replicates of 7 days ULIEGE-20/21 Acoustic 9
20,60,and 120 09 2018 1 replicate of 72 h UTP3 Acoustic 4and5
12 05 2016 1 replicate of 5 days CHORUS-16 Acoustic 3
300 07 2021 1 replicate of 10 days ULIEGE-22 Acoustic 10
Tetaiuo 10 2015 1 replicate of 24 h CRIOBE-15 Acoustic 9
10 01 2021 2 replicates of 7 days ULIEGE-20/21 Acoustic 9
Gendron 10 2015 1 replicate of 24 h CRIOBE-15 Acoustic 9
10 01 2021 2 replicates of 7 days ULIEGE-20/21 Acoustic 9
Tiahura 10 2015 1 replicate of 24 h CRIOBE-15 Acoustic 9
10 01 2021 2 replicates of 7 days ULIEGE-20/21 Acoustic 9
Papetoai 10 2015 1 replicate of 24 h CRIOBE-15 Acoustic 9
10 01 2021 2 replicates of 7 days ULIEGE-20/21 Acoustic 9
Pihaena 10 2015 1 replicate of 24 h CRIOBE-15 Acoustic 9
10 01-02 2021 2 replicates of 7 days ULIEGE-20/21 Acoustic 9
Aroa 10 01-02 2021 2 replicates of 7 days ULIEGE-20/21 Acoustic 10
Nuarei 10 2015 1 replicate of 24 h CRIOBE-15 Acoustic 9
10 01-02 2021 2 replicates of 7 days ULIEGE-20/21 Acoustic 9
Temae 0-4 12-01 2020-21 5 replicates of 90 min ULIEGE-20/21 Acoustic 7
10 2015 1 replicate of 24 h CRIOBE-15 Acoustic 9
10 01-02 2021 2 replicates of 7 days ULIEGE-20/21 Acoustic 9
Rangiroa 20,60,and 120  10-11 2018 1 replicate of 72 h UTP3 Acoustic 4,5,and 6
Raroia 20,60,and 120 03 2018 1 replicate of 72 h UTP3 Acoustic 4,5,6,and 7
Tikehau 20,60,and 120 10 2018 1 replicate of 72 h UTP3 Acoustic 4,5,and 6



Figure SP2 - 1 Supplementary information on (A) FFT, overlap, frequency resolution, and type of window;
(B) Sample rate, number of bits, subsampling, and aliasing.
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Figure SP2 - 2 Passage from the temporal domain (oscillogram) to the frequency domain (power spectrum)
for two distinct signals: a single-frequency signal (in red) and a dual-frequency signal (in blue and black).
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Figure SP2 - 3 Construction of a spectrogram by applying an FFT to small segments of an oscillogram.
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Appendix to Chapter 3

The following are available online at https://www.mdpi.com/article/10.3390/jmse9040420/s1.

Table SP3 - 1 Propagation distance of the <570-2000 Hz band’ for different levels of Wenz background noise
for wind speeds between 0 and 18 kn and different ship traffic index.

Table SP3 - 2 Regressions of the sound of the barrier reef for audiogram frequencies from the literature.

Table SP3 - 3 Maximal distances of detection for each considered species.

Vil


https://www.mdpi.com/article/10.3390/jmse9040420/s1

Appendix to Chapter 4

Table SP4 - 1 Comparison of the Power Spectral Density associated to the peak frequency (PSDrpeak) at
different depths. Significative P-values are in bold. a = 0.05

Dunn Post-hoc

Island Test
Comparison A Adjusted P
Bora Bora Kruskal-Wallis 20 and 120 m -5 <0.0001
¥? = 25,df =2, P <0.0001 60 and 120 m -2 0.055
20and 60 m 3 0.003
Mangareva Mann-Whitney U, W = 102, P = 0.007 20 and 60 m
Moorea Kruskal-Wallis 20 and 120 m -5 <0.0001
¥? =119, df = 2, P < 0.0001 60 and 120 m -3 0.003
20 and 60 m 2 0.06
Rangiroa Kruskal-Wallis 20 and 120 m -3 0.005
¥? =10, df =2, P = 0.006 60 and 120 m -1 0.2
20 and 60 m 2 0.09
Raroia Kruskal-Wallis 20 and 120 m -5 < 0.0001
y?=23,df =2, P <0.0001 60 and 120 m -1 0.2
20 and 60 m 3 0.001
Tikehau Kruskal-Wallis 20 and 120 m -5 < 0.0001
y? =25, df =2, P <0.0001 60 and 120 m -2 0.04
20 and 60 m 3 0.005

VIl



Table SP4 - 2 Comparison of BTS SPL at different depths. Significative P-values are in bold. o = 0.05

Dunn Post-hoc

Island Test
Comparison A Adjusted P
Bora Bora Kruskal-Wallis 20 and 120 m 20 <0.0001
¥? =421, df =2, P <0.0001 60 and 120 m -9 < 0.0001
20and 60 m 12 < 0.0001
Mangareva Mann-Whitney U, W =32400 , P < 0.0001 20 and 60 m
Moorea Kruskal-Wallis 20 and 120 m -21 <0.0001
¥? =442, df =2, P <0.0001 60 and 120 m -10 <0.0001
20and 60 m 11 <0.0001
Rangiroa Kruskal-Wallis 20 and 120 m -21 <0.0001
¥? =458, df = 2, P < 0.0001 60 and 120 m -10 <0.0001
20 and 60 m 11 <0.0001
Raroia Kruskal-Wallis 20 and 120 m —22 < 0.0001
v? =473, df =2, P <0.0001 60 and 120 m -11 <0.0001
20 and 60 m 11 <0.0001
Tikehau Kruskal-Wallis 20 and 120 m -19 < 0.0001
¥? =381, df =2, P <0.0001 60 and 120 m -8 <0.0001
20 and 60 m 11 <0.0001



Table SP4 - 3 Biplot information and scores of the redundancy analysis testing for a link between cover
features and acoustic features.

RDA1 RDA2

Eigenvalue 4.02 1.10
Proportion explained 0.67 0.18
Cumulative proportion 0.67 0.85
Cover features RDA1 RDA2
Macroalgae including Halimeda algae —0.64 0.0069
Non encrusting sponges 0.70 —0.13
Encrusting algae —0.26 0.27
Fleshy algae -0.24 —-0.051
Rubble —0.39 —0.18
Hydroids 0.67 —0.033
Turf 0.059 0.17
Dead coral —0.50 0.018
Anthoathecatae —0.075 —0.14
Sand 0.67 —0.13
Black coral and gorgonians 0.58 —0.20
Consolidate substrate —0.32 —0.085
Sessile invertebrates 0.62 0.018
Encrusting sponges -0.19 0.40
Scleractinian —-0.55 0.17
Calcifying algae —-0.075 0.22
Acoustic features RDA1 RDA2
PSD -1.17 —0.40
Fpeak —0.70 0.85
Delta20 -1.23 —0.11
BTS Fpeak 1.08 0.34
NoBTS -0.72 0.86
BTS SPL -1.22 -0.20
Sites RDA1 RDA2
BoraBora20m —0.98 -1.03
Bora Bora 60 m 0.38 0.33
Bora Bora 120 m 1.08 —0.65
Mangareva 20 m —0.69 —0.085
Mangareva 60 m —0.42 —0.042
Moorea 20 m —0.74 0.20
Moorea 60 m —0.076 —1.15
Moorea 120 m 1.83 0.077
Rangiroa 20 m —0.63 —0.28
Rangiroa 60 m —0.11 —0.033
Rangiroa 120 m 0.32 —0.99
Raroia 20 m —0.68 —0.24
Raroia 60 m -0.077 1.76
Raroia 120 m 0.62 0.76
Tikehau 20 m —0.78 0.61
Tikehau 60 m —0.027 1.21



Tikehau 120 m 1.00 —0.44

Table SP4 - 4 Temporal comparison of the Power Spectral Density associated to the peak frequency
(PSDrpeak) at 120 m. Significative P—values are in bold. o = 0.05

Dunn Post—hoc

Island Test _

Comparison A Adjusted P

Bora Bora Kruskal-Wallis Day and night -1.75 0.16

¥? =6.29, df =3, P = 0.098 Day and sunrise 0.30 0.91

Night and sunrise 2.29 0.13

Day and sunset ~ —0.083 0.93

Night and sunset 1.86 0.19

Sunrise and sunset  —0.43 0.997

Moorea Kruskal-Wallis Day and night 2.60 0.056

¥? =7.26,df =3, P =0.064 Day and sunrise 1.27 0.30

Night and sunrise ~ —1.48 0.28

Day and sunset 1.00 0.38

Night and sunset -1.79 0.22

Sunrise and sunset  —0.31 0.76

Rangiroa Kruskal-Wallis Day and night -0.91 0.43

¥?=9.33,df =3, P =0.025 Day and sunrise 0.69 0.49

Night and sunrise 1.80 0.14

Day and sunset -1.91 0.17

Night and sunset -1.12 0.40

Sunrise and sunset  —2.91 0.022

Raroia Kruskal-Wallis Day and night -2.81 0.029

¥?=9.45,df =3, P =0.024 Day and sunrise ~ —0.83 0.41

Night and sunrise 2.22 0.079

Day and sunset -1.82 0.14

Night and sunset 1.11 0.32

Sunrise and sunset  —1.11 0.40

Tikehau Kruskal-Wallis Day and night —2.48 0.078

¥?=7.06, df =3, P =0.070 Day and sunrise -0.77 0.53

Night and sunrise 1.91 0.17

Day and sunset -0.99 0.48

Night and sunset 1.67 0.19

Sunrise and sunset  —0.25 0.80

Xl



Table SP4 - 5 Temporal comparison of the A20 at 120 m.

Significative P—values are in bold. o = 0.05.

Dunn Post—hoc

Island Test
Comparison Z Adjusted P
Bora Bora Kruskal-Wallis
¥?=5.91,df=3,P=0.1162
Moorea Kruskal-Wallis Day and night 2.81 0.030
¥? = 8.60, df =3, P = 0.035 Day and sunrise 1.60 0.22
Night and sunrise ~ —1.35 0.26
Day and sunset 1.05 0.35
Night and sunset ~ —1.97 0.15
Sunrise and sunset  —0.62 0.54
Rangiroa Kruskal-Wallis Day and night —-0.83 0.41
¥?=9.50, df =3, P = 0.023 Day and sunrise 0.83 0.49
Night and sunrise 1.85 0.19
Day and sunset -1.82 0.14
Night and sunset ~ —1.11 0.40
Sunrise and sunset  —2.96 0.018
Raroia Kruskal-Wallis
v2=550,df =3, P =0.14
Tikehau Kruskal-Wallis Day and night 2.04 0.12
¥? = 8.60, df =3, P = 0.035 Day and sunrise 0.83 0.49
Night and sunrise ~ —1.35 0.26
Day and sunset 2.59 0.058
Night and sunset 0.62 0.54
Sunrise and sunset  1.97 0.10

Xl



Table SP4 - 6 Temporal comparison of the number of BTS at 20 m. Significative P—values are in bold.

Dunn Post—hoc

Island Test
Comparison A Adjusted P
Bora Bora Kruskal-Wallis Day and night 15.39 <0.0001
¥? = 242.84, df = 3, P < 0.0001 Day and sunrise 7.85 < 0.0001
Night and sunrise ~ —1.78 0.090
Day and sunset 6.83 <0.0001
Night and sunset  —2.84 0.0067
Sunrise and sunset  —0.82 0.41
Mangareva  Kruskal-Wallis Day and night 14.42 <0.0001
¥? = 208.22, df = 3, P < 0.0001 Day and sunrise 6.13 < 0.0001
Night and sunrise ~ —3.25 0.0017
Day and sunset 6.25 <0.0001
Night and sunset ~ —3.13 0.0021
Sunrise and sunset  0.095 0.92
Moorea Kruskal-Wallis Day and night 11.96 <0.0001
¥? = 148.75, df = 3, P < 0.0001 Day and sunrise 3.29 0.0012
Night and sunrise ~ —4.81 < 0.0001
Day and sunset 3.77 0.00024
Night and sunset ~ —4.29 < 0.0001
Sunrise and sunset  0.40 0.69
Rangiroa Kruskal—Wallis Day and night 12.47 <0.0001
¥ =238.34, df = 3, P < 0.0001 Day and sunrise 0.13 0.90
Night and sunrise ~ —8.00 <0.0001
Day and sunset 11.24 <0.0001
Night and sunset 3.61 0.00037
Sunrise and sunset ~ 8.99 < 0.0001
Raroia Kruskal-Wallis Day and night 13.95 <0.0001
¥? = 208.8, df = 3, P < 0.0001 Day and sunrise 2.80 0.0062
Night and sunrise ~ —6.34 <0.0001
Day and sunset 6.57 <0.0001
Night and sunset ~ —2.54 0.011
Sunrise and sunset  3.02 0.0038
Tikehau Kruskal-Wallis Day and night —2.24 0.030
¥? = 30.44, df = 3, P <0.0001 Day and sunrise 2.90 0.0057
Night and sunrise 4.53 < 0.0001
Day and sunset -3.14 0.0033
Night and sunset ~ —1.82 0.069
Sunrise and sunset  —4.92 < 0.0001

X1



Table SP4 - 7 Temporal comparison of the number of BTS at 60 m. Significative P—values are in bold.

Dunn Post—hoc

Island Test
Comparison Z Adjusted P
Bora Bora Kruskal-Wallis Day and night 12.48 <0.0001
¥? = 158.28, df = 3, P < 0.0001 Day and sunrise 3.85 0.00014
Night and sunrise ~ —4.37 <0.0001
Day and sunset 4.13 <0.0001
Night and sunset ~ —4.06 <0.0001
Sunrise and sunset  0.23 0.81
Mangareva  Kruskal-Wallis Day and night 14.32 <0.0001
¥? = 209.03, df = 3, P < 0.0001 Day and sunrise 6.11 < 0.0001
Night and sunrise ~ —3.35 0.0012
Day and sunset 7.80 <0.0001
Night and sunset ~ —1.54 0.15
Sunrise and sunset  1.40 0.16
Moorea Kruskal-Wallis Day and night 11.25 <0.0001
¥? = 130.65, df = 3, P < 0.0001 Day and sunrise 3.93 0.00013
Night and sunrise ~ —4.27 < 0.0001
Day and sunset 6.07 < 0.0001
Night and sunset ~ —1.79 0.073
Sunrise and sunset  1.90 0.070
Rangiroa Kruskal-Wallis Day and night 6.08 <0.0001
¥? =95.32, df = 3, P < 0.0001 Day and sunrise ~ —2.64 0.0083
Night and sunrise ~ —6.82 <0.0001
Day and sunset 6.71 <0.0001
Night and sunset 2.99 0.0033
Sunrise and sunset  7.63 0.0014
Raroia Kruskal-Wallis Day and night 9.07 <0.0001
¥? =106.47, df = 3, P < 0.0001 Day and sunrise —0.18 0.85
Night and sunrise ~ —6.64 <0.0001
Day and sunset 2.21 0.040
Night and sunset ~ —4.11 <0.0001
Sunrise and sunset  2.01 0.054
Tikehau Kruskal-Wallis Day and night —13.57 <0.0001
¥? =210.32, df = 3, P < 0.0001 Day and sunrise -3.38 0.00086
Night and sunrise 5.73 < 0.0001
Day and sunset -9.28 < 0.0001
Night and sunset ~ —0.35 0.73
Sunrise and sunset  —4.80 <0.0001

XV



Table SP4 - 8 Temporal comparison of the number of BTS at 120 m. Significative P—values are in bold. o =
0.05

Dunn Post—hoc

Island Test
Comparison Z Adjusted P
Bora Bora Kruskal-Wallis
¥?=2.21,df=3,P=0.53
Moorea Kruskal-Wallis Day and night -11.19 <0.0001
¥? =126.41, df = 3, P <0.0001 Day and sunrise -3.81 0.00028
Night and sunrise 2.70 0.010
Day and sunset -5.64 <0.0001
Night and sunset 1.78 0.090
Sunrise and sunset  —0.96 0.33
Rangiroa Kruskal-Wallis Day and night 10.30 <0.0001
¥? = 206.89, df = 3, P <0.0001 Day and sunrise -1.33 0.18
Night and sunrise ~ —8.86 < 0.0001
Day and sunset 10.50 < 0.0001
Night and sunset 4.25 < 0.0001
Sunrise and sunset ~ 10.03 <0.0001
Raroia Kruskal-Wallis Day and night -2.93 0.020
x? =11.83, df = 3, P = 0.0080 Day and sunrise —2.65 0.024
Night and sunrise ~ —0.80 0.50
Day and sunset -0.57 0.57
Night and sunset 1.36 0.26
Sunrise and sunset ~ 1.68 0.18
Tikehau Kruskal-Wallis Day and night -12.85 <0.0001
¥?=191.38, df = 3, P < 0.0001 Day and sunrise -1.71 0.10
Night and sunrise 7.37 <0.0001
Day and sunset -7.92 <0.0001
Night and sunset 1.01 0.31

Sunrise and sunset  —5.12 < 0.0001

XV



Table SP4 - 9 Temporal comparison of the BTS SPL at 20 m. Significative P—values are in bold. a = 0.05

Dunn Post—hoc

Island Test
Comparison Z Adjusted P
Bora Bora Kruskal-Wallis Day and night -15.29 <0.0001
¥? = 24359, df = 3, P < 0.0001 Day and sunrise —7.59 < 0.0001
Night and sunrise 1.98 0.071
Day and sunset -8.14 <0.0001
Night and sunset 1.41 0.19
Sunrise and sunset  —0.45 0.66
Mangareva  Kruskal-Wallis Day and night -14.38 <0.0001
¥?=217.91, df = 3, P <0.0001 Day and sunrise —7.63 < 0.0001
Night and sunrise 1.64 0.15
Day and sunset —-8.47 <0.0001
Night and sunset 0.75 0.55
Sunrise and sunset  —0.69 0.49
Moorea Kruskal-Wallis Day and night —14.48 <0.0001
¥? =213.99, df = 3, P <0.0001 Day and sunrise —6.31 < 0.0001
Night and sunrise 3.33 0.0013
Day and sunset —-8.02 < 0.0001
Night and sunset 1.48 0.17
Sunrise and sunset  —1.43 0.15
Rangiroa Kruskal-Wallis Day and night -13.82 <0.0001
x? =281.61, df = 3, P < 0.0001 Day and sunrise —1.42 0.16
Night and sunrise 7.53 <0.0001
Day and sunset -12.72 <0.0001
Night and sunset —4.28 <0.0001
Sunrise and sunset  —9.14 < 0.0001
Raroia Kruskal-Wallis Day and night —-15.08 <0.0001
¥? = 241.44, df = 3, P < 0.0001 Day and sunrise -3.40 0.00080
Night and sunrise 6.44 <0.0001
Day and sunset —-8.06 <0.0001
Night and sunset 1.72 0.085
Sunrise and sunset  —3.72 0.00030
Tikehau Kruskal-Wallis Day and night —15.75 <0.0001
¥? = 254.49, df = 3, P < 0.0001 Day and sunrise —4.63 <0.0001
Night and sunrise 5.57 < 0.0001
Day and sunset =7.75 < 0.0001
Night and sunset 2.29 0.022
Sunrise and sunset  —2.54 0.013

XVI



Table SP4 - 10 Temporal comparison of the BTS SPL at 60 m. Significative P—values are in bold. o = 0.05.

Dunn Post—hoc

Island Test
Comparison Z Adjusted P
Bora Bora Kruskal-Wallis Day and night -14.29 <0.0001
¥? = 209.95, df = 3, P < 0.0001 Day and sunrise —6.70 < 0.0001
Night and sunrise 2.57 0.015
Day and sunset -7.90 <0.0001
Night and sunset 1.30 0.23
Sunrise and sunset  —0.98 0.32
Mangareva  Kruskal-Wallis Day and night -14.07 <0.0001
¥? = 209.93, df = 3, P < 0.0001 Day and sunrise —1.47 < 0.0001
Night and sunrise 1.72 0.13
Day and sunset -8.78 <0.0001
Night and sunset 0.32 0.75
Sunrise and sunset  —1.09 0.33
Moorea Kruskal-Wallis Day and night -13.06 <0.0001
¥? =176.9, df = 3, P <0.0001 Day and sunrise —5.60 < 0.0001
Night and sunrise 3.80 0.00022
Day and sunset —8.25 < 0.0001
Night and sunset 0.74 0.46
Sunrise and sunset  —2.35 0.025
Rangiroa Kruskal-Wallis Day and night -13.43 <0.0001
x? =269.51, df = 3, P < 0.0001 Day and sunrise -1.12 0.26
Night and sunrise 7.78 <0.0001
Day and sunset -12.39 <0.0001
Night and sunset —4.05 <0.0001
Sunrise and sunset  —9.19 < 0.0001
Raroia Kruskal-Wallis Day and night -14.29 <0.0001
¥? =218.13, df = 3, P < 0.0001 Day and sunrise -3.29 0.0012
Night and sunrise 6.58 <0.0001
Day and sunset -7.41 <0.0001
Night and sunset 2.22 0.027
Sunrise and sunset  —3.43 0.00096
Tikehau Kruskal-Wallis Day and night —-15.19 <0.0001
¥? = 237.87,df = 3, P <0.0001 Day and sunrise —4.57 <0.0001
Night and sunrise 5.61 < 0.0001
Day and sunset —7.76 < 0.0001
Night and sunset 231 0.021
Sunrise and sunset  —2.60 0.011

XVII



Table SP4 - 11 Temporal comparison of the BTS SPL at 120 m. Significative P—values are in bold. a = 0.05.

Dunn Post—hoc

Island Test
Comparison Z Adjusted P
Bora Bora Kruskal-Wallis Day and night -11.17 <0.0001
¥? = 124.89, df = 3, P < 0.0001 Day and sunrise -3.96 0.00015
Night and sunrise 3.14 0.0026
Day and sunset —4.45 <0.0001
Night and sunset 2.71 0.0080
Sunrise and sunset  —0.36 0.72
Moorea Kruskal-Wallis Day and night 0.74 0.55
¥?=8.52, df =3, P =0.036 Day and sunrise —-0.37 0.71
Night and sunrise ~ —0.84 0.60
Day and sunset -2.21 0.081
Night and sunset ~ —2.89 0.023
Sunrise and sunset  —1.35 0.36
Rangiroa Kruskal-Wallis Day and night -11.18 <0.0001
¥2=222.17,df = 3, P <0.0001 Day and sunrise 0.62 0.54
Night and sunrise 8.72 < 0.0001
Day and sunset ~ —10.91 < 0.0001
Night and sunset ~ —4.27 < 0.0001
Sunrise and sunset  —9.85 <0.0001
Raroia Kruskal-Wallis Day and night -14.96 <0.0001
¥? = 238.84, df = 3, P < 0.0001 Day and sunrise -3.65 0.00032
Night and sunrise 6.41 <0.0001
Day and sunset -8.19 <0.0001
Night and sunset 1.35 0.18
Sunrise and sunset  —3.84 0.00018
Tikehau Kruskal-Wallis Day and night —-13.86 <0.0001
¥?=198.42, df = 3, P < 0.0001 Day and sunrise —3.68 0.00035
Night and sunrise 6.10 <0.0001
Day and sunset -6.71 <0.0001
Night and sunset 2.93 0.0040
Sunrise and sunset  —2.53 0.012

XVII



Table SP4 - 12 Temporal comparison of the Fpeak at 20 m. Significative P—values are in bold. o = 0.05.

Dunn Post—hoc

Island Test
Comparison Z Adjusted P
Bora Bora Kruskal-Wallis Day and night -11.05 <0.0001
¥? =129.64, df = 3, P < 0.0001 Day and sunrise -1.80 0.087
Night and sunrise 5.19 <0.0001
Day and sunset —2.69 0.011
Night and sunset 4.27 <0.0001
Sunrise and sunset  —0.71 0.47
Mangareva  Kruskal-Wallis Day and night 8.51 <0.0001
¥? = 80.05, df = 3, P <0.0001 Day and sunrise 5.49 < 0.0001
Night and sunrise ~ 0.035 0.97
Day and sunset 5.17 <0.0001
Night and sunset ~ —0.31 =1
Sunrise and sunset  —0.27 0.95
Moorea Kruskal-Wallis Day and night
=449, df=3,P=0.21
Rangiroa Kruskal-Wallis Day and night 6.81 <0.0001
¥? = 74.84, df = 3, P <0.0001 Day and sunrise -0.21 0.83
Night and sunrise ~ —4.66 < 0.0001
Day and sunset 6.33 < 0.0001
Night and sunset 2.16 0.036
Sunrise and sunset ~ 5.29 < 0.0001
Raroia Kruskal-Wallis Day and night 11.68 <0.0001
¥? = 146.16, df = 3, P < 0.0001 Day and sunrise 2.14 0.039
Night and sunrise ~ —5.54 <0.0001
Day and sunset 5.71 <0.0001
Night and sunset -1.83 0.067
Sunrise and sunset  2.90 0.0056
Tikehau Kruskal-Wallis Day and night 4.21 0.00015
¥?=20.11, df = 3, P = 0.00016 Day and sunrise 141 0.32
Night and sunrise  —1.31 0.28
Day and sunset 3.01 0.0077
Night and sunset 0.37 0.70
Sunrise and sunset  1.31 0.23
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Table SP4 - 13 Temporal comparison of the Fpeak at 60 m. Significative P—values are in bold. o = 0.05.

Dunn Post—hoc

Island Test
Comparison Z Adjusted P
Bora Bora Kruskal-Wallis Day and night 3.88 0.00062
¥? = 18.46, df = 3, P = 0.00035 Day and sunrise 3.18 0.0044
Night and sunrise 0.75 0.68
Day and sunset 2.10 0.071
Night and sunset ~ —0.23 0.81
Sunrise and sunset  —0.75 0.55
Mangareva  Kruskal-Wallis Day and night 9.56 <0.0001
¥?=93.13, df = 3, P < 0.0001 Day and sunrise 3.71 0.00062
Night and sunrise ~ —2.63 0.010
Day and sunset 2.77 0.0085
Night and sunset ~ —3.56 0.00073
Sunrise and sunset  —0.75 0.45
Moorea Kruskal-Wallis Day and night —-7.80 <0.0001
¥? = 64.15, df = 3, P < 0.0001 Day and sunrise —2.22 0.031
Night and sunrise 3.52 0.0013
Day and sunset -3.10 0.0038
Night and sunset 2.49 0.019
Sunrise and sunset  —0.78 0.43
Rangiroa Kruskal-Wallis
¥?=6.16,df=3,P =0.10
Raroia Kruskal-Wallis Day and night 10.61 <0.0001
¥? =116.98, df = 3, P < 0.0001 Day and sunrise 2.88 0.0060
Night and sunrise ~ —4.40 <0.0001
Day and sunset 4.44 <0.0001
Night and sunset —2.86 0.0050
Sunrise and sunset  1.26 0.21
Tikehau Kruskal-Wallis Day and night 6.84 <0.0001
¥?=52.42, df = 3, P <0.0001 Day and sunrise 0.86 0.47
Night and sunrise ~ —3.76 0.00050
Day and sunset 3.71 0.00041
Night and sunset ~ —0.82 0.41
Sunrise and sunset  2.32 0.030
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Table SP4 - 14 Temporal comparison of the Fpeak at 120 m. Significative P—values are in bold. a = 0.05.

Dunn Post—hoc

Island Test
Comparison Z Adjusted P
Bora Bora Kruskal-Wallis
¥?=0.93,df=3,P=0.82
Moorea Kruskal-Wallis Day and night -3.93 0.00051
¥?=15.72,df =3, P =0.0013 Day and sunrise —-1.64 0.20
Night and sunrise 0.65 0.77
Day and sunset —2.24 0.075
Night and sunset 0.43 0.80
Sunrise and sunset  —0.24 0.81
Rangiroa Kruskal-Wallis Day and night 2.99 0.0056
¥? = 20.23, df = 3, P = 0.00015 Day and sunrise 0.090 0.93
Night and sunrise ~ —2.05 0.048
Day and sunset 3.85 0.00071
Night and sunset 2.24 0.038
Sunrise and sunset ~ 3.28 0.0031
Raroia Kruskal-Wallis Day and night 11.78 <0.0001
¥? = 148.57, df = 3, P < 0.0001 Day and sunrise 2.12 0.041
Night and sunrise ~ —5.78 < 0.0001
Day and sunset 3.19 0.0022
Night and sunset —4.26 <0.0001
Sunrise and sunset ~ 0.97 0.33
Tikehau Kruskal-Wallis Day and night 9.18 <0.0001
¥? = 88.26, df = 3, P < 0.0001 Day and sunrise 2.76 0.0087
Night and sunrise ~ —3.48 0.0010
Day and sunset 5.14 <0.0001
Night and sunset -1.09 0.27
Sunrise and sunset  1.92 0.066
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Table SP4 - 15 Temporal comparison of the number of BTS (NoBTS) around 7 PM at 120 m. Significative
P—values are in bold. a = 0.05.

Dunn Post—hoc

Island Test
Comparison Z Adjusted P
Bora Bora Kruskal-Wallis before vs. after -1.97 0.049
¥? = 60.64, df = 2, P <0.0001 ‘7 PM’ vs. after —7.52 <0.0001
‘7 PM’ vs. before  —5.50 <0.0001
Moorea Kruskal-Wallis before vs. after 3.21 0.0013
¥? = 55.06, df = 2, P <0.0001 ‘7 PM’ vs. after —4.44 <0.0001
‘7 PM’ vs. before  —7.39 <0.0001
Rangiroa Kruskal-Wallis before vs. after 3.66 0.00075
y? =15.27, df = 2, P = 0.00048 ‘7 PM’ vs. after 3.10 0.0029
‘7 PM’ vs. before  —0.78 0.43
Raroia Kruskal—Wallis
¥?=1.10,df=2,P =0.58
Tikehau Kruskal—Wallis before vs. after 2.62 0.0088
¥?=53.1, df =2, P < 0.0001 “7PM’ vs, after  —4.28 < 0.0001

‘7 PM’ vs. before —7.27 <0.0001
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Table SP4 - 16 Temporal comparison of the BTS Fpeak around 7 PM at 120 m. Significative P—values are in
bold. o = 0.05.

Dunn Post—hoc

Island Test
Comparison Z Adjusted P
Bora Bora Kruskal-Wallis
¥ =197,df=2,P=0.37
Moorea Kruskal-Wallis before vs. after 0.19 0.85
¥? = 29.25, df = 2, P <0.0001 ‘7 PM’ vs. after 4.78 < 0.0001
‘7 PM’ vs. before 4.48 <0.0001
Rangiroa Kruskal-Wallis
¥ =394,df=2,P=0.14
Raroia Kruskal—Wallis before vs. after -3.91 0.00028
¥?=18.17,df =2, P =0.00011 7 PM’ vs. after -0.41 0.68
7 PM’ vs. before 3.52 0.00066
Tikehau Kruskal-Wallis before vs. after -1.84 0.066
¥?=53.72, df =2, P <0.0001 7 PM’ vs. after 4.93 < 0.0001
‘7 PM’ vs. before 7.04 < 0.0001
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Figure SP4 - 1 Spectrograms of the soundscape between 1 and 20 kHz at Rangiroa at (A) 20 m, (B) 60 m
and (C) 120 m. The diel cycle is illustrated as an 'on/off' pattern of changing color intensities.
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Figure SP4 - 2 (A) Power Spectral Density (PSD) per island, (B) BTS SPL per island, (C) mean value of PC1
from the Principal Components Analysis (PCA) carried out on environmental features, and (D) temperature
profile per island. For A, B, and C: 20 m (green), 60 m (blue) and 120 m (red).
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Figure SP4 - 3 Median Power Spectral Density at 20 m per island. (A) Bora Bora, (B) Mangareva, (C)
Moorea, (D) Rangiroa, (E) Raroia, and (F) Tikehau. In black: night, in blue: sunset, in red: sunrise and in
yellow: day. Each line is a replicate (e.g. first night, second night, and third night). Thin red lines represent Wenz
ambient noise (wind levels of 0, 3, 6, 9, 12, 15, 18, 21, 24, 27 and 30 knots from bottom to top).
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Figure SP4 - 4 Median Power Spectral Density at 60 m per island. (A) Bora Bora, (B) Mangareva, (C)
Moorea, (D) Rangiroa, (E) Raroia, and (F) Tikehau. In black: night, in blue: sunset, in red: sunrise and in
yellow: day. Each line is a replicate (e.g. first night, second night, and third night). Thin red lines represent Wenz
ambient noise (wind levels of 0, 3, 6, 9, 12, 15, 18, 21, 24, 27 and 30 knots from bottom to top).
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Figure SP4 - 5 Median Power Spectral Density at 120 m per island. (A) Bora Bora, (B) Mangareva: no data,
(C) Moorea, (D) Rangiroa, (E) Raroia, and (F) Tikehau. In black: night, in blue: sunset, in red: sunrise and in
yellow: day. Each line is a replicate (e.g. first night, second night, and third night). Thin red lines represent Wenz
ambient noise (wind levels of 0, 3, 6, 9, 12, 15, 18, 21, 24, 27 and 30 knots from bottom to top).
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Appendix to Chapter 5

The following are available online at https://zenodo.org/records/10090721 or at

https://journals.jams.pub/user/manuscripts/displayFile/643fd555cd2d08fa84fb14c0f4418aa5/supplementary.

Figure SP5 - 1 H values for three different abundances (20, 60 and 100 fish sounds min™) with the
loudspeaker silent and with the loudspeaker emitting 1, 2 or 3 different fish sound types.

Table SP5 - 1 Abundance and sound type species richness of each sound stimuli file created.
Table SP5 - 2 Location of sampling sites in the lagoon of Temae (Moorea, French Polynesia).

Table SP5 - 3 Correlation coefficients and associated P-values between the ADI, abundance, and sound type
richness in the controlled environment.

Table SP5 - 4 Correlation coefficients and associated P-values between the AEI, abundance, and sound type
richness in the controlled environment.

Table SP5 - 5 Correlation coefficients and associated P-values between a-acoustic indices, artificial (=
introduced) abundance and artificial sound type species richness with in situ playbacks.

Table SP5 - 6 Correlation coefficients and associated P-values between a-acoustic indices, abundance, and
sound type richness with in situ playbacks (delta sounds).

Table SP5 - 7 Correlation coefficients and associated P-values between the ADI, artificial (= introduced)
abundance, and artificial sound type richness with in situ playbacks.

Table SP5 - 8 Correlation coefficients and associated P-values between the ADI, abundance, and sound type
richness per minute (natural + introduced) with in situ playbacks.

Table SP5 - 9 Correlation coefficients and associated P-values between the ADI, abundance, and sound type
richness with in situ playbacks (delta sounds).

Table SP5 - 10 Correlation coefficients and associated P-values between the AEI, artificial (= introduced)
abundance, and artificial sound type richness with in situ playbacks.

Table SP5 - 11 Correlation coefficients and associated P-values between the AEI, abundance, and sound
type richness per minute (natural + introduced) with in situ playbacks.

Table SP5 - 12 Correlation coefficients and associated P-values between the AEI, abundance, and sound
type richness with in situ playbacks (delta sounds).

Table SP5 - 13 Correlation coefficients and associated P-values between the ADI, abundance, and sound
type richness in the natural environment.

Table SP5 - 14 Correlation coefficients and associated P-values between the AEI, abundance, and sound
type richness in the natural environment.

And five supplementary equations (from Equation SP5 - 1 to Equation SP5 - 5).
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Appendix to Chapter 6

The following are available online at

https://static-content.springer.com/esm/art%3A10.1007%2Fs00338-022-02343-
7/MediaObjects/338 2022 2343 MOESM1 ESM.pdf

Table SP6 - 1 Location and period of sampling for each island.
Table SP6 - 2 Detail of the Pulse Series stricto sensu sounds.
Table SP6 - 3 Detail of the frequency modulated and arched sounds.

Table SP6 - 4 Number of sound types per 1 min per (pseudo-)replicate, i.e., for each sunset period, for each
depth and for each island (n = 51).

Table SP6 - 5 Most abundant type of fish sounds for each depth and each island.
Table SP6 - 6 Median and IQR of the acoustic fish a-diversity (Shannon) per depth and per island.

Table SP6 - 7 Acoustic fish Shannon diversity, overlap and results of the variance model per depth and type
of island and results of the linear model to test the influence of benthic cover features on Shannon diversity.

Table SP6 - 8 Output of the permutation based-test of multivariate homogeneity of group variances on the
B diversity.

Table SP6 - 9 Results of the PerMANOVAstests based on Bray-Curtis dissimilarities for the influence of the
depth and type of island on acoustic communities composition.

Table SP6 - 10 Results of the Canonical correspondence analysis testing for a link between acoustic
communities and cover features.

Table SP6 - 11 Biplot information and scores for constraining variables of the Canonical correspondence
analysis testing for a link between acoustic communities and cover features.

Figure SP6 - 1 Pictures inside a quadrat of 1 m? in Moorea (left) and Rangiroa (right).

Figure SP6 - 2 Plot of the temperature according to the depth.

Figure SP6 - 3 Oscillogram (top) and power-spectrum (bottom) of Pulse Series stricto sensu sounds.
Figure SP6 - 4 Oscillogram (top) and power-spectrum (bottom) of frequency modulated and arched sounds.
Figure SP6 - 5 Spectrograms of a fragment of soundscape between 6:50 and 7:00 PM at Raroia Island.
Figure SP6 - 6 Number of the ten most abundant fish sounds at each depth.

Figure SP6 - 7 100% stacked column of the abundance of fish sounds for each depth.

Figure SP6 - 8 Plot of the acoustic fish p-diversity between the islands.

KeySP6 - 1 Sound identification key for the frequencies bellow 2 kHz based on spectrograms.
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Appendix to Chapter 7

KeySP7 — 1 Sound identification key for biological sounds below 2 kHz from mesophotic reefs in French
Polynesia. Available at https://zenodo.org/records/10592329.

Variable frequency over time _+ Fish sounds from MCEs % (almost) constant

frequency over time

Without inflection points ! Freq uency
or changes of sign modulated (FM)

Tonal sounds without

Downsweeping frequency modulation :
frequency Upsweeping frequency || Complex sounds and ultra fast pulse Pulse series
(DS) (Us) (CS) series (AS) stricto sensu (PS)

Figure SP7 - 1 Classification of fish sounds from Polynesian MCEs with spectrogram captions (FFT = 256)
to illustrate various sound types. AS and PS can be grouped as ‘Pulse series lato sensu’. Bold boxes represent
acoustic categories, while non-bold boxes represent acoustic sub-categories of sound types. Adapted from
Chapter 6.
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Figure SP7 - 2 Cumulative graph of mean abundance over time for all sound types at 60 m depth: absolute
values (A) and relative proportion (B). Less abundant sound types lacking a clear diel cycle are colored in grey
for ease of interpretation. The legend includes the annotation 'CA' (Cycle Absent) for such sounds. The 13 most
abundant sound types, utilized in the models, are highlighted in bold.

Table SP7 - 1 Summary of GAM model results for the 13 most abundant sound types. /> = insufficient
number of sounds to perform the model.
GAM Model  Adjusted R? s0m Edizo m &0 n:’-valulezo m Dispersion of residuals N

AS4 NB 0.75 870 863 <0.001 <0.001 0.77 11550
AS5 NB 0.09 6.90 663 <0.001 <0.001 0.59 4067
Asl Poisson 0.42 842 7.02  <0.001 0.00069 0.65 1039
PS3 Poisson 0.64 810 9.00 <0.001 <0.001 1.23 6168
PS17 Poisson 0.47 729 812 <0.001 <0.001 1.085 4446
PS16 Poisson 0.20 735 732 <0.001 <0.001 1.19 1665
PS18 Poisson 0.64 898  6.90 <0.001 <0.001 1.16 2967
FPT1 Poisson 0.40 7.40 / <0.001 / 0.82 1352
FPT2 Poisson 0.30 630 848 <0.001 <0.001 0.83 1599
FPT4 Poisson 0.55 780 758 <0.001 <0.001 1.12 3563
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Cs1 Poisson 0.40 8.89 8.88 <0.001 <0.001 1.05 1883
DS2 Poisson 0.62 8.74 / <0.001 / 0.68 1098
us1 Poisson 0.48 / 8.45 / <0.001 0.86 1181

Table SP7 - 2 Mean abundance per minute predicted by the GAM models for the 13 most abundant sound
types. ‘-> = no peak abundance detected. /> = insufficient number of sounds to perform the model.

Sound type Depth (m) Timeof peak1 Corresponding abundance Time of peak 2  Corresponding abundance

AS4 60 7:10 PM 33.15 - -

AS4 60 9:10PM 2.95 02:30 AM 4.14
AS1 60 10:20 PM 0.92 02:40 AM 1.40
PS3 60 7:30 PM 2 04:40 AM 2

PS17 60 7:00 PM 2.13 06:20 AM 1.68
PS16 60 06:30 PM 0.86 05:40 AM 0.54
PS18 60 06:30 PM 3.31 06:00 AM 6.75
FPT1 60 09:10 PM 1.20 05:00 AM 1.02
FPT2 60 08:00 PM 1.55 06:30 AM 0.92
FPT4 60 08:40 PM 4.01 04:30 AM 2.60
Cs1 60 11:10PM 2.35 03:50 AM 0.44
DS2 60 07:30 PM 4.01 04:10 AM 0.70
US1 60 / / / /

AS4 120 07:00 PM 48.8 - -

AS4 120 11:50 PM 10.92 01:10 AM 3.84
AS1 120 - - 04:00 AM 0.30
PS3 120 07:20 PM 6.16 04:20 AM 4.81
PS17 120 06:40 PM 2.30 05:10 AM 1.90
PS16 120 11:50 PM 2 02:40 AM 1.76
PS18 120 - - 04:40 AM 0.80
FPT1 120 / / / /

FPT2 120 03:40 PM 0.75 06:20 AM 1.17
FPT4 120 - - 06:10 AM 1.14
Cs1 120 11:50 PM 2.70 04:20 AM 1.34
DS2 120 / / / /

us1 120 06:30 3.3 4:00 AM 1.78

Table SP7 - 3 Width of the realized acoustic niches for each sound type. NBemp* = standardized niche width
for the temporal axis; NBseq* = standardized niche width for the frequency axis; NBy,* = standardized niche width
for the pulse period axis; and NB* = overall standardized niche width.

NBtemp* NBfreg* NBpp* NBtot*
60 m 120 m 60 m 120 m 60 m 120 m 60 m 120 m
AsS4 0.14 0.12 0.21 0.16 0.12 0.11 0.17 0.15
AS5 0.30 0.30 0.41 0.29 0.11 0.09 0.26 0.23
AS1 0.58 0.56 0.18 0.14 0.12 0.14 0.30 0.30
PS3 0.64 0.44 0.11 0.13 0.10 0.07 0.30 0.22
PS17 0.72 0.65 0.13 0.15 0.17 0.17 0.37 0.33
PS16 0.63 0.50 0.22 0.40 0.20 0.27 0.36 0.40
PS18 0.67 0.58 0.07 0.11 0.15 0.15 0.33 0.30
FPT1 0.77 0.71 0.12 0.22 0.17 0.12 0.38 0.36
FPT2 0.73 0.54 0.13 0.10 0.19 0.25 0.37 0.33
FPT4 0.60 0.68 0.16 0.18 0.08 0.08 0.29 0.34
DS2 0.13 0.30 0.38 0.35 0.15 0.16 0.22 0.28
uUs1 0.33 0.37 0.11 0.09 0.10 0.14 0.20 0.23
Cs1 0.27 0.34 0.13 0.12 0.13 0.11 0.20 0.22
Community level 0.40 0.32 0.31 0.43 0.41 0.40 0.38 0.40
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Appendix to Chapter 8

Note SP8 - 1 Sonic morphology of the other Serranidae species.

Variola louti, Cephalopholis spp., Epinephelus tauvina, and Liopropoma lunulatum

In Cephalopholis the swim bladder was closely associated with ribs 3 to 6, which were
notably longer than the first two ribs. Ligaments were inserted on the consecutive ribs, and
longer ligaments were also attached to the anterior portion of ribs 5 and 6. The first rib was
connected to the neurocranium by a muscle. Similarly, muscles were found between

consecutive ribs, at least for the three first ribs.

In E. tauvina, intercostal ligaments were not observed. Instead, a long ligament was inserted
into the first rib, extending over the second and third ribs before attaching to the fourth rib.
Another portion of the ligament was inserted into the second rib, extended over the third rib,
and inserted to the fourth rib. As in the other species, two types of muscles were identified: one
muscle connecting the first rib to the neurocranium, and muscles connecting the adjacent ribs,

at least between the first two ribs.

Plectranthias taylori

The inter-costal ligament system associated with the ribs and the muscle connecting the first
rib to the neurocranium are similar to the one described in S. powelli. The swim bladder in P.
taylori is elongated, appearing white to transparent, and had very thin walls. The swim bladder
was positioned adjacent to the rib bases, with no muscle directly inserted into it. Similar to other
species, a muscle was inserted into the first rib and the neurocranium (Figure 59). However,
this muscle was also attached to the ventral process of the posttemporal in the pectoral girdle,
in addition to its attachment to the neurocranium. This muscle formed a distinct bundle that
passed through the Baudelot’s ligament. A peculiar ligament connected the internal part of the
supracoracoid to the anterior part of the ventro-lateral extremity of the first pair of ribs, a feature
not observed in other examined species. Multiple intercostal ligaments were observed (Figure
59). L1A is inserted into the first rib, passes under the second rib, and attaches to the third rib.
L1B is also inserted into the first rib, passes under the second rib, above the third ribs, and is
attached to the fourth rib. L2 is attached to the second rib, goes above the third and fourth ribs,
and attached to the vertebrae between the fourth and fifth ribs. L3 is attached to the third rib,
extended above the fourth rib and attached to the fifth rib. L4, L5, and L6 were positioned

between consecutive ribs. Beneath the intercostal ligaments, intercostal muscles were observed
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between consecutive ribs, at least up to the fourth rib. These muscles exhibited fibers oriented

parallel to the vertebral column, whereas the intercostal ligaments displayed a more exterior

orientation.

Table SP8 - 1 Sound description of the sonic families found in the deeper part of Polynesian mesophotic

reefs.
Genus or .
Family species of Genus Of species from Sonic mechanism Sound description Source
) the litterature
interest
Acanthuridae Naso Acanthurus bahianus Raspy sounds, grunts, knocks, [21]
hexacanthus occasionally series of knocks,
espace sounds (some double)
‘Pop-like’ sound [533]
Acanthurus chirurgus Dorsal fin spine (Weak) knocks, weak escape [21]
stridulation? sounds,
Acanthurus coeruleus Dorsal fin spine Single grunt,escape sounds, [21]
stridulation? scratches, knocks, weak clicks
Acanthurus olivaceus Pulse [138]
Ctenochaetus Pulse train [138]
hawaiiensis Long pulse
Ctenochaetus strigosus Pulse [138]
Paracanthurus hepatus ~ With the strong- Stridulatory sound [532]
spined dorsal fin
Zebrasoma flavescens Pulse, collision [138]
Apogonidae Foa fo Apogonichthyoides The fish tremble ‘Sound’ [723]
niger
Balistidae Xanthichthys Xanthichthys Pulse or pulse train with 4.8 + [138]
auromarginatus  auromarginatus 1.1 events
~ Xanthichthys
caeruleolineatus
Blenniidae Petroscirtes Chasmodes bosquianus ~ Synchronized with ~ Non-harmonic low-pitched [529]
xestus a quick sidewise grunting or thumping sound.
shake of the head.
Lipophrys pholis Head raised and Clacking sound [724]
mouth opened.
Parablennius Calls solely and repeatedly [527]
parvicornis made of three parts (central part
= grunt) with a harmonic
structure
Call [528]
Bythitidae Tuamotuichthys  Cataetyx messieri Sonic muscles [530]
bispinosus
Caesionidae Caesionidae Caesio caerulaurea [531]
" Pterocaesio sp.
Caproidae Antigonia Capros aper Dorsal and pelvic Stridulatory noise [532,725]
capros fin
Carangidae Alectis indica Alectis ciliaris Sharp bark or scratchy burst [21,522]
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Atule mate
Decapterus
macarellus
Decapterus tabl

Uraspis helvola

Carangoides Swim bladder? Knocs and thumps [21]
bartholomaei
Caranx crysos Swim bladder and ~ Low-pitched thump, loud rasps [21,521,5
adjacent (sometimes prolonged like 22]
pharyngeal teeth scraping of rought file), loud
bursts of grating, no tooth
sounds during feeding, weak
scraping followed by loud
bursts, weak scraping
Pharyngeal stridulation [540]
Horn-like sounds? [534,555]
Caranx hippos Stridulation of Series if grunts, sustained [21,532]
weel-toothed croaking with a marked
mouth reinforced scratchy quality
by large swim
bladder
Pharyngeal teeth Stridulation [526]
Series of short, rapid, rasping [541]
croaks
Caranx latus Pharyngeal teeth Thumps, escape sounds, feeding  [21]
stridulation sounds, toothy grunts, thump-
amplified by swim  like
bladder, swim
bladder vibrate
also by body
muscle contraction
Thump, volleys of thump-like [540]
sounds, pharyngeal stridulation
Caranx ruber Swim bladder in High-pitched grunts [21]
conjunction with
teeth
Pharyngeal Stridulation [540]
stridulation
Movements of fish ~ Low-pitched swimming and
bodies in the water  veering sounds
Swimming sound ‘Blast’ [542]
of individuals or
schools
Chloroscombrus Swim bladderand ~ Low-knocking, series of short [21]
chrysurus pharyngeal teeth fast grunts, tiny knocks, raspy
grunts
Scraping the upper  Stridulatory sound, a harsh, [512]
and lower almost continuous croak
pharyngeal
patches together
Elagatis bipinnulata Swim bladder and ~ Escape grunts similar to other [21]

pharyngeal teeth
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Naucrates ductor Pharyngeal teeth Tumping sound? Production of [21,521,5
stridulation characteristic carangid 22]
augmented by stridulation possible.
adjacent swim
bladder

Oligoplites saurus Swim bladder? Escape thumps, weak knock [21]

Selene brevoortii Air bladder ‘Grunt like a young pig’ [532]
resonance?

Pharyngeal
stridulation?

Selene peruviana Scrape upper and Almost continuous rasping [532]
lower pharyngeal sound
patches

Selene setapinnis Swim bladderand ~ Almost continuous pig-like [21]
pharyngeal teeth grunting, loud scratchy grunting
Scrapping the Stridulatory sound: harsh almost  [512]
upper and lower continuous croak
pharyngeal
patches together

Selene vomer Swim bladder and ~ Loud grunts [21]
pharyngeal teeth

Seriola dumerili Similar to S. Knocks, thumps [21]
zonata

Tuba-like sound [533,534]
Bait-eating and swimming [535]
sound

Seriola lalandi [536]

Seriola quinqueradiata Bait-eating and swimming [535]

sound

Seriola rivoliana Similarity with an unknown [164]

sound from the field.

Seriola zonata Sound production Sharp knocks [21]
synchronized with
opening of mouth,
in which position
pharyngeal teeth
scraped in close
proximity to swim
bladder.

Trachinotus falcatus Similarto T. Consistent weak escape sounds.  [21]
goodei

Trachinotus goodei Swim bladder and ~ Weak knocks, escape knocks, [21]
pharyngeal teeth in  weak chewing sounds during
young, mostly feeding, escape knocks in rapid
swim bladder in series with violent body
older fish twisting.

Trachinotus paitensis Hitting together of ~ Grinding and clicking noises [532]

dorsal fins
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Trachurus japonicus Pharyngeal teeths Harsh grating [532]
while feeding
Quick vibrations Low snoring, low-pitched sound  [537]
of the body
immediately
behind the
pectorals, short
stretching
movements of the
lower jaw =>
friction of
pharyngeal teeth
and airbladder
vibrations
Bait-eating and swimming [535]
sound
Trachurus [538]
mediterraneus
Trachurus trachurus [539]
+ Selar and Alectis species
Selar boops Selar Sustained or irregular series of [21]
crumenophthalmus toothy grating sounds and a few
knocks
Carapidae Carapus Carapus mourlani Central Single and double-pulsed calls [146]
mourlani constriction in
their swim bladder
Train of 2-6 pulses [145]
Suite of double pulses
Staccatos of 2-17 weak pulses
Hums (rare) usually preceded
by a knock
Chaetodontidae Chaetodon sp. Chaetodon auriga Vertical elevation Head bob—jaw protrusion pulse:  [543]
of the head and a pulses and less frequently two-
strong protrusion pulse train
of the jaws
Chaetodon kleinii Jaw protusion Short pulse sound [543]
HF pulse [138]
Chaetodon multicintus Motion of the Tail slap [543]
whole body
directed at the
nearby conspecific
Body shake
Movements of the ~ Body motion
caudal peduncle Body motion pulse train
and/or extension
of the pelvic fins
Pulse [138]
Tail slap [726]
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High frequency click

Jump

Dorsal-anal fin erect

Pelvic fin flick
Grunt train
Chaetodon ocellatus Small thumps and knocks, some  [21]
double and with toothy clicks
Chaetodon ornatissimus ~ Movements of the ~ Body motion = pulse [543]
caudal peduncle
and/or extension
of the pelvic fins
Motion of the Tail slap
whole body
directed at the
nearby conspecific
Pulse [138]
Chaetodon striatus Small knocks, almost inaudible [21]
but definite
Chaetodon Clear extension Head-bob-jaw protusion [543]
unimaculatus and retraction
movement of the
jaws
Motion of the Tail slap
whole body
directed at the
nearby conspecific
Heniochus Heniochus Extrinsic sonic Isolated pulses [149]
singularius chrysostomus drumming muscles  Trains of 4 to 11 pulses
in association with  sometimes preceded by an
the articulated isolated pulse
bones of the
ribcage
Congridae Ariosoma Conger conger Mechanical noise [521,522]
scheelei
Ariosoma sereti
Bathyuroconger
vicinus
Congriscus
marquesaensis
Uroconger sp.
Dactylopteridae Dactyloptena Dactylopterus volitans Bursts of barking [21]
P Intrinsic muscles Sons commensurables [545]
Diodontidae Diodontidae Diodon hystrix Stridulation Loud toothy scrapes during [21]
feeding, jaw stridulation
Toothplate stridulation [526]
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Chilomycterus schoepfii  Stridulation Toothy whines, pronounced [21,521,5

thump 22]
Chilomycterus Stridulation Erking series, rasps, toothy [21]
reticulatus sounds
Chilomycterus spinosus  Grating of the Stridulatory sound: high-pitched  [512]
incisor teeth, nasal whining scrape
during and after
inflation
Gobiidae Gnatholepis Numerous species from genera Bathygobius, Gobiosoma, Gobius, Gobiusculus,
anjerensis Knipowitschia, Neogobius, Padogobius, Periophthalmodon, Pomatoschistus, Ponticola, and
Gunnellichthys Zosterisessor emit low-intensity sounds.
monostigma
Kraemeria
bryani
Oxyurichthys
notonema
Priolepis
farcimen
Priolepis sp.
Valenciennea
strigata
Holocentridae Myripristis Myripristis jacobus Sonic muscles Grunts, singly produced or in [21]
chryseres bursts, toothy clicks, short
bursts of grunting
Myripristis parlinia Grunts [548]
Myripristis violacea
Myripristis berndti Sonic muscles Knocks, growls, grunts, and [549]
staccatos
Knock, growl, grunt, staccato [138]
Myripristis amaena Growl, grunt, staccato [138]
Myripristis kuntee Extrinsic sonic Harmonic train of pulses = [547]
Myripristis violacea muscles grunts
Ostichthys Holocentrus Vibration by body  Series of grunts, isolated grunts, — [21]
archiepiscopus adcensionis musculature of prolonged grunting, thumps,
Ostichthys very large swim bursts of 2-5 grunts, low
ovaloculus bladder grumbling, single and volleyed
Pristilepis sp. grunts?
Stridulation of Higher-pitched rasping grunts

pharyngeal teeth

reinforced by

swim bladder

Swim bladder Thumps repeated singly at [526]
embraced by irregular intervals or volleyed

modified ribs (4-20), volleys (3-20)

expanded and
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flattened to serve
as drumheads
activated by
attached

musculature

Narrow-band, short pulses, [534]
regularly repeated in short
bursts of 10-20, fundamental
frequency ca. 75 Hz
Sonic muscles [551]
Holocentrus rufus Swim bladder [552]
vibrate by
simultaneous
contractions of
paired bilateral
muscles
Fast-contracting Harmonic sounds made of a [547]
sonic muscles. variable number of pulses with
gradually increasing periods
towards the end of the call.
[553]
Sonic muscles [550,551]
Neoniphon aurolineatus Grunt, knock, staccato, train of [138]
grunts, train of staccato
Growl= rapid series of
contiguous pulses that
decreased in rate over time
Neoniphon sammara Growl, knock, staccato, train of ~ [138]
staccato
Fast-contracting Harmonic sounds made of a [547]
sonic muscles. variable number of pulses with
gradually increasing periods
towards the end of the call.
Sonic muscles [550]
Sargocentron cornutum  Sonic muscles [550]
Sargocentron diadema Fast-contracting Harmonic sounds made of a [547]
sonic muscles. variable number of pulses with
gradually increasing periods
towards the end of the call.
Sargocentron Sonic muscles [550]
seychellense
Sargocentron Sounds [138]
spiniferum Fast-contracting Harmonic sounds made of a [547]
sonic muscles. variable number of pulses with
gradually increasing periods
towards the end of the call.
Sargocentron tiere Growl, grunt, knock, series of [138]
growl, series og knock
Fast-contracting Harmonic sounds made of a [547]

sonic muscles.
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gradually increasing periods
towards the end of the call.

Sargocentron Sonic muscles [550]
wantherythrum
+ Myripristis species.
Labridae Bodianus Bodianus rufus Only feeding noises [21]
bilunulatus
Bodianus
paraleucostictic
us
Cirrhilabrus Gomphosus varius Pulse I, pulse Il, buzz, train of [138]
claire pulse I, train of pulse I
Oxycheilinus Pulse train (type I and I1) [554]
lineatus
Polyle|.3i0n Halichoeres bivittatus Swibladder? Feeble knocks and thumps, [21]
russell Strong teeth? small toothy feeding sounds
Moving contact of  Stridulatory rasping [555]
teeth on rock,
conchs etc during
feeding
Halichoeres garnoti Feeding noises [21]
Halichoeres radiatus Swibladder? Thumps, knocks, toothy feeding  [21]
Strong teeth? noises
Feeding sounds [526]
Labrux mixtus [556]
Symphodus melops
Labrus viridis [539]
Lachnolaimus maximus ~ Large swim Escape sounds, knocks [21]
bladder? Strong coincident with body twist
jaw and
pharyngeal teeth?
Symphodus cinereus [5657]
Symphodus ocellatus
Symphodus tinca
Tautogra onitis Swim bladder Deep thumps, bark-like grunts, [21,521,5
vibrates by violent  loud noise from crushing and 22]
contraction of dragging shells on bottom,
skeletal muscles, escape sounds, thumps,
slight striking or mechanical noise incident to
possible rubbing feeding, loud thumps
of ribs, and drum-
beating motion of
opercula
Tautogolabrus Swim bladder Low-frequency knocks [21,521,5
adspersus compressed by synchronized with muscular 22]

violent contraction
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of skeletal
muscles; teeth in

jaws and granular

loud scrunching noise during
feeding

pharyngeals
adapted for
crushing
Thalassoma bifasciatum Feeding noise [21]
Thalassoma duperrey Pulse I, pulse I blended, pulse [138]
11, train of pulse I, train of pulse
1
Pulse train (type | and II) [554]
And Bodianus
Leiognathidae Deveximentum Leiognathus equula [558]
insidiator Soniferous
Gazza minuta Friction of Noise [537]
premaxilla and
frontal
Lethrinidae Gymnocranius Lethrinidae [559]
confer
grandoculis
Lethrinus
rubrioperculatu
s
Lutjanidae Lutjanus Lutjanus kasmira Pulse [138]
kasmira
Lutjanus
argentimaculatu  Lutjanus griseus ‘Swim bladder’ Low thumps and knocks, [21]
S sometimes followed by growls
Lutjanus jocu ‘Swim bladder’ Thumps
Lutjanus sp. Lutjanus apodus ‘Swim bladder’ Thumps, knocks, singly or in
short series, booms
Lutjanus analis ‘Swim bladder’ Knock, thump, toothy scraping
Lutjanus synagris ‘Swim bladder’ Knocks
Lutjanus mahogoni ‘Swim bladder’ Possibly thump
Aphareus furca  Hoplopagrus guentherii Maybe sound during feeding [21]
Aphareus
rutilans
Etelis
carbunculus Ocyurus chrysurus Swim bladder? Low-pitched thrumps, escape [21]
Etelis coruscans sounds, toothy clicks, weak
Etelis radiosus knocks, weak knocks, some
Aphareus furca louder bumps, very feeble
Parapristipomoi thumps
des Rhomboplites Swim bladder? Feeble knocks and thumps [21]

squamimaxillari

S

aurorubens
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Pristipomoides
argyrogrammic
us
Pristipomoides
auricilla
Pristipomoides
filamentosus
Pristipomoides
flavipinnis
Pristipomoides
sieboldii
Pristipomoides
zonatus
Randallichthys

filamentosus

And Lutjanus species.

Macrouridae Malacocephalus ~ Malacocephalus laevis Drumming [561]
laevis muscles (swim
Malacocephalus ~ Malacocephalus laevis bladder to body
nipponensis Malacocephalus wall)
Malacocephalus  occidentalis Drumming
sp. muscles
Mullidae Mulloidichthys Mulloidichthys One poor quality sound [138]
pfluegeri flavolineatus
Mulloidichthys Mulloidichthys Muscles + teeth Thumps, knocks, scratchy [21]
sp. martinicus sounds
Mulloidichthys
vanicolensis
Parupeneus sp. Parupeneus insularis Pulse, pulse train [138]
Parupeneus Pulse, pulse train, HF pulse
multifasciatus
Parupeneus porphyreus Pulse, pulse train
Myctophidae Benthosema Myctophidae The most [562]
fibulatum likely chorus source is
Diaphus considered to be fishes of the
splendidus family Myctophidae foraging in
Lampadena the water
luminosa column
Symbolophorus
evermanni
Ophidiidae Brotula Acanthonus armatus The swim bladder [577]
multibarbata is apparently unfit
asa
soundproducing
organ, but perhaps
the pharyngeal
teeth can produce
sound by
stridulation
Barathrodemus Two pairs of sonic [578]
manatinus muscles:
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ventrolateral
sound producing
muscles (skull =>
swim bladder) and
ventromedial
muscles (skull =>
ribs attached to the
4% vertebra) in
males, in females:
only 1 pair

(ventromedial)

Bathyonus pectoralis Single pair of
ventral medial
muscles that
connects to a
smaller and
thinner swim
bladder via a long
tendon,

Larger muscle
fibers suggesting
an adaptation to
facilitate rapid
bladder movement
for

sound production

[727]

Dicrolene introniger Four pairs of sonic
muscles: two
ventral muscles
(ventral medial
and
ventral lateral) and
two intermediate
muscles
(intermediate
medial and
intermediate

lateral)

[727]

Genypterus chilensis Modified vertebra,
three pairs of sonic
muscles and the

swim bladder

Calls made of 7-19 units

[579]

Genypterus maculatus

Sound 1 = train of pulses that

vary in amplitude and pacing

Call 2 = growl (harmonic, tonal)

[579]

Hoplobrotula armata Four pairs of sonic

muscles

Sounds suggested to be more

intense than in Neobytites

[581]

Lepophidium jeannae
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Lepophidium

profundorum

Ventral and dorsal
antagonistic sonic

muscles

[576,580]

Monomitopus

metriostoma

Sonic muscles

[530]

Neobythites longipes

Neobythites

unimaculatus

Sounds suggested to be longer

than in Hoplobrotula armata

[581]

[581]

Parophidion vasali

[517]

Neobythites gilli

Four pairs of sonic
muscles (ventral

and intermediate)

[563]

Neobythites steatiticus

Sonic muscles

[530]

Porogadus miles

Single pair of
ventral medial
muscles that
connects to a
smaller and
thinner swim
bladder via a long

tendon

[727]

Typhlonus nasus

Might be able to
produce

sound by
stridulation with
the teeth

[577]

And Ophidion species

Ophidion rochei

Long, multiple-pulsed calls

[564]

Three pairs of

sonic muscles

[565]

Sonic muscles and

rocker bone

Mate calls

[566]

Differences in
morphology of
sonic muscles,
swim bladder,
supraoccipital
crest, first
vertebrae and
associated ribs
(rocker bone

present vs. absent)

Males: Non harmonic multiple-

pulsed sounds

Females and juveniles harmonic

sounds

[567]

Three pairs of
sonic muscles,
rocker bone,
modified neural

arch

Male courtship calls = train of
pulses that increase in

amplitude and decrease in rate

[434]
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Pulses series with alternating [163]
pulse period (APPPS)
Ophidion barbatum Three pairs of [568]
sonic muscles
Ophidion marginatum [569,570]
Mainly crepuscular repeated [571]
pulses
Sonic muscles Chatter sound [572]
associated with the
swim bladder and
vertebral
components.
Croaking sound [573]
2 or 3 pairs of Broad-band pulsed calls at dusk ~ [574]
sonic muscles
Specialized [575]
musculature, swim
bladder and
modified anterior
vertebral
components
Ostraciidae Lactoria sp. Lactoria cornuta Extrinsic and Hums (= long train of pulses) [514]
intrinsic sonic and clicks
muscles
Lactoria Spawning sound (= a [583]
fornasini highpitched hum),
Ostracion sp. Ostracion cubicus Extrinsic and Hums (= long train of pulses) [150]
intrinsic sonic and clicks
muscles
Ostracion meleagris Extrinsic and Spawning sound, bump, and [150,582]
intrinsic sonic buzz. Hums (= long train of
muscles pulses) and clicks
Tetrosomus sp. Acanthostracion Swim bladder and ~ Short growls, some in long [21]
quadricornis associated series, clicks, sustained rasping,
muscles, chewing noise, loud growling
stridulating teeth
Chorus of nocturnal ‘frog-like’ [533]
sounds (1000-3400 Hz)
tentatively attributed to this
species?
Lactophrys Vibration of swim  Clicks, scrapes, toothy grunts [21]
bicaudalis bladder during feeding, clicks, scrapes
anticipated,
stridulation of
teeth.
Lactophrys trigonus Swim bladder and ~ Feeding noise only, low- [21]

associated
muscles,

stridulating teeth
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Lactophrys triqueter Swim bladder and  Single faint clicks, low-pitched [21]
associated growls, loud scrapes
muscles,
stridulating teeth
See Ostracion and Lactoria species
Peristediidae Satyrichthys sp.  Satyrichthys rieffeli Not reported sonic [532]
Satyrichthys welchi family but close
relationship to
known sound-
makers.
Pleuronectidae Nematops Hippoglossoides Mechanical noise [521,522]
nanosquama platessoides
Pseudopleuronectes Mechanical noise [521,522]
americanus
Pomacanthidae Centropyge Centropyge loriculus Pulse [138]
boylei
Centropyge
narcosis
Genicanthus Apolemichthys arcuatus Pulse [138]
bellus Holacanthus Swim bladder? Thumps, rasps, series of [21]
bermudensis scratchy grunts
Holacanthus ciliaris Swim bladder? Knocks, (small) thumps [21]
Body twist
Grunt single or repeated [526]
(vibrant, deep grunts not easily
distinguished from those of
serranids)
Holacanthus tricolor Swim bladder? Escape sounds, weak knocks [21]
Pomacanthus arcuatus Swim bladder? Thumps, knocks, quick escape [21]
Pomacanthus paru Thumps, (low) knocks, escape [21]
sounds, feeding sounds
Swim bladder Grunts (change of signals from [526]
vibrate by adjacent  short grunt to moan-like
axial muscles sound?)
See Centropyge
Pomacentridae Chromis sp. 2 Chromis chromis Pop made of a single pulse [585]
(Tahiti Island) Chromis hanui Pulse [138]
Chromis ovalis
Chromis verater Pulse
Pulse train
Chromis atripectoralis [584]

Chromis viridis

Pomacentridae

sp. (Rapals.)

See Chromis species in addition to numerous sonic species from Dascyllus, Hypsypops,

Plectroglyphidodon, Pomacentrus, Premnas, Stegastes, Pomatomus, Abudefduf, Similiparma

and Amphiprion.
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Priacanthidae

Cookeolus

japonicus

Heteropriacanthus

cruentatus

Muscle (swim
bladder — body

wall)

Sounds composed of a rapid

series of pulses

[588]

See Priacanthus species

Priacanthus

hamrur

Priacanthus meeki

Muscle (swim
bladder — body

wall)

Sounds composed of a rapid

series of pulses

[588]

Priacanthus

macracanthus

Muscles

[586,587]

Scombridae

Thunnus
maccoyii

Thunnus obesus

Thunnus albacares

Thunnus thynnus

Possibly caused by

contraction of
muscles about the

swim bladder

Low-frequency pulses usually
single, double pulses,
quadruple pulse train,

high frequency (= jaw snap

sounds)

[589]

Scorpaenidae

Neomerinthe

naevosa

Neomerinthe beanorum

Similar to
Aleutianus-

zacentrus type 1

(cranium, vertebral

parapophyses)

[590]

Pontinus

macrocephalus

Pontinus longispinis

Aleutianus-

zacentrus type 1

extrinsic gasblader

muscle, attached
to vertebra 8, 9
and 10 and the

cranium

[590]

Pteroidichthys
amboinensis
Pteroidichthys

caussei

Brachypterois serrulifer

Two large
gasbladder
muscles (type II,
Taczanowskii
subdivision)
originating on the
cranium and
inserting usually
on the swim
bladder. No
connection to the

pectoral girdle.

[590]

Dendrochirus zebra

Two large
gasbladder
muscles (type II,
Taczanowskii
subdivision)
originating on the
cranium and
inserting usually
on the swim
bladder. No
connection to the

pectoral girdle.
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Iracundus signifer

Possibly caused by
contraction of
muscles about the

swim bladder

[590]

Pterois miles

Similar to
Aleutianus-
zacentrus type 1
(cranium, vertebral

parapophyses)

Repetitive pulse call (1 to 4
pulses = knocks) with

occasional occurrences of up to

8 pulses

Hum + intermittent pulses

[591]

Pterois radiata

Two large
gasbladder
muscles (type I,
Taczanowskii
subdivision)
originating on the
cranium and
inserting usually
on the swim
bladder. No
connection to the

pectoral girdle.

Knocks and hums

[590,728]

Pterois volitans

Muscles closely
associated with the

swim bladder

Repetitive pulse call (1to 4
pulses = knocks) with

occasional occurrences of up to

8 pulses

Hum + intermittent pulses

[591,728]

Scorpaenodes

parvipinnis

Two large
gasbladder
muscles (type II,
Taczanowskii
subdivision)
originating on the
cranium and
inserting usually
on the swim
bladder. No
connection to the

pectoral girdle.

[590]

Sebastapistes

cyanostigma

Similar to
Aleutianus-
zacentrus type 1
(cranium, vertebral

parapophyses)

[590]

+ Scorpaena, Scorpaenopsis, Pontinus, and Neomerinthe species

Scorpaena

lacrimata

Scorpaena plumieri

Low-pitched growl

(questionable)

[21]

Scorpaena agassizii

Scorpaena brasiliensis

Scorpaena elongata

Scorpaena guttata

Similar to
Aleutianus-
zacentrus type 1

(cranium, vertebral

L

[590]



Scorpaena mystes

parapophyses)

Scorpaena russula

with 4 tendons,

Scorpaena porcus

one attached to
each of the
parapophyses of
the 6th, 7, 8™, g™

vertebrae

Muscles that

Scorpaena scrofa

Scorpaena notata

originate on the
exoccipital bone
and insert on the
anterior part of the
backbone, from
the sixth to the
ninth vertebrae.
The complete
apparatus consists
of bilaterally
symmetric
muscular bundles
(three muscular
bundles on each
side), connected to
four long tendons,
which insert on
lateral branches of
the haemal arch
(vertebrae VI and
VII) or on haemal
spines (vertebrae
Vil and IX)
underneath
different vertebral
bodies

No swim bladder

Tkwal [433]

Tkwal [433]

Scorpaenopsis Scorpaenopsis gibbosa Low grinding noise [21,532]
pusilla

Serranidae Cephalopholis Cephalopholis formosa [592]
aurantia
Cephalopholis Cephalopholis Swim bladder Thumps, rumbles, knocks? [21]
igarashiensis cruentata vibrate by

Cephalopholis

sexmaculata

contraction of

body muscles.

Cephalopholis fulva

Swim bladder
vibrate by

LI

Boom, thumps, knocks, escape

sounds



contraction of

associated axial

muscles.
Cephalopholis argus Pulse [138]
Epinephelus Epinephelus Swim bladder Long loud bursts of vibrant [21,526]
morrhua adscensionis vibrate by axial grunting, single thumps,
Epinephelus muscles knocks, grunts
retouti Epinephelus Swim bladder Vibrant grunting [21]
Epinephelus drummondhayi vibrate by
tuamotuensis associated muscles
Epinephelus erythrurus [592]
Epinephelus guttatus Low-frequency series of pulses [593]
repeated at a variable rate, one
or moreportions of the call had
a high pulse rate, whichappears
tonal
Swim bladder Series of grunts during feeding,  [21]
vibrate by deep grunt, boom, thump,
associated musles escape sounds
Narrow-band short pulses [534]
(grunt-like sounds) single or in
irregular groups
[471,553,
594,597]
Epinephelus itajara Swim bladder and Boom sometimes followed by [21]
associated musles  two grunts, bursts
Single-pulse calls with a low [598]
dominant frequency
[599,600]
Epinephelus marginatus Single booms, serial booms [423]
(rarely recorded), growls (=
short multi-harmonic calls with
a slight downward frequency
modulation)
Low-frequency downsweep [163]
(LDS)
Low-frequency pulse sequence
(LPS)
Epinephelus [154]
polyphekadion
Epinephelus morio Swim bladder One loud boom [21]
vibrate by
associated muscles
Low-frequency pulses, short [458]

LI

calls (=1 to 4 brief pulses
followed by a growl), pulse
train calls (=a short call

immediately followed by a



rapid series of broadband

bursts)
[93,553,6
01-603]
Epinephelus striatus Deep booms, sustained rumbles,  [21]
loud grunts, loud grinding of
teeth, low grunts, vibrant grunts
(single or in rapid series),
serranid-like grunts
Swim bladder Vibrant grunt (single or [526]
vibrate by repeated)
contraction of Deep booms, sustained rumbles,  [521]
attached axial loud grunts, loud grinding of
muscle fibers. teeth, low grunts
Single bilateral [352]
muscle vibrate
inact swim
bladder.
Mooing-like sound maybe [533]
produced by this species.
[471,553,
597,604]
Pulse train [596]
Tonal sound
Hyporthodus Hyporthodus nigritus Swim bladder Booms, thumps [21]
octofasciatus vibrated by
associated muscles
Belonoperca Alphestes afer Swim bladder and  Escape sounds, knocks and low  [21]
pylei associated muscles  thumps
Liopropoma Anthias anthias Potentially sonic [164]
erythraeum Centropristis striata Swim bladder Single weak grunts, small [21,521,5
Liopropoma vibrates by general  thumps, low thumps, possible 22]
lunulatum body contraction scrapes
Odontanthias and striking of
tapui opercula against
Plectranthias body, pharyngeal
bennetti teeth stridulation
Plectranthias Diplectrum formosum Swim bladder Single escape sound, rasp, burst  [21]
kamii vibrate by of one-five low grunts
Plectranthias contraction of
rubrifasciatus body musculature
Plectranthias Hypoplectrus unicolor Contraction of the  Series of sound pulses [89]
Sp. abdominal Short duration frequency
Plectranthias musculature modulated downward (600 Hz
taylori externally to 200 Hz) tonal sweep
Pogonoperca observed. followed by a longer broadband
punctata noise
Saloptia powelli v cteroperca bonaci Swim bladder Spontaneous single booms, [21]

vibrate by sudden

LI

sustained thundering rolls, loud



contraction of feeding noises, loud percussive

body musculature sound

Ocassional single, 4-beat and 6-  Tavolga
beat but usually 5-beat burst of 1958 IN
sounds. Each of the five ‘drum-  [21]
beats’ consists of five sound
pulses with rapidly dropping
pitch
Pulse train undulation [605]
Series of pulses followed by a [606]
longer tonal section, Not all
signals included the discrete
pulses prior to the tonal section
[471,553]
Mycteroperca Swim bladder and ~ Low-pitched serranid grunt [21]
interstitialis associated muscles
Mycteroperca jordani Short and long tonal sounds, as [484,485]
well as multiple combinations,
preceded and followed by a
variable number of short, low
frequency, repeated pulses
Mycteroperca Swim bladder and ~ Weak typical serranid thump [21]
microlepis associated muscles
Mycteroperca venenosa ~ Swim bladder and  Feeding noise [21]
associated muscles  Loud deep booms similar to
other groupers
[604]
[471,553,
597]
Pulse train calls, tonal call and [607]
sequential combination
Rypticus bistrispinus As other serranids ~ Very weak knocks [21]
Rypticus saponaceus As other serranids ~ Small hollow knocks [21]
Serranus tigrinus Probably swim Weak knocks and thumps [21]
bladder vibrate as
in other serranids
See Cephalopholis, Epinephelus, Hyporthodus and Pseudanthias,
Pseudanthias Pseudanthias bicolor Pulse [138]
privitera
" Pseudanthias
ventralis
Setarchidae Setarches Setarches guentheri Two large [590]
guentheri gasbladder
muscles (type I,
Taczanowskii
subdivision)

originating on the
cranium and
inserting usually

on the swim

LIV



bladder. No
connection to the

pectoral girdle.

Sphyraenidae Sphyraena Sphyraena viridensis Sounds maybe produced by this ~ [164]
acutipinnis species.
Sphyraena barracuda Thumps, knocks during swift [21]
motion
Sphyraena guachancho ~ As S. barracuda [21]
Syngnathidae Hippocampus Hippocampus erectus Sharp flexion of Loud clicks similar to snapping [21,521,5
kuda head and rapid of finger against thumb, snaps 22,608]
Hippocampus movement of
sp. mouth parts
Supraoccipital- Clicks [609]
coronet
articulation
(stridulation)
Hippocampus sp. Muscular closing Snaps, resembled in strength [729]
and sudden and tone the snapping sound
expansion of lower  produced by Alpheus ruber.
jaw
Hippocampus Tambour-like [545]
hippocampus
Hippocampus zosterae Supraoccipital- Feeding clicks [609]
coronet
articulation
(stridulation)
Hippocampus comes Likely come from  Click [730]
two sound
producing
mechanisms
Vibration Growling
observed at the
cheek
Hippocampus guttulatus [557]
Hippocampus reidi Click [731]
Body vibrations Growl (= serie of sound pulses)
Tetraodontidae Sphoeroides Sphoeroides nephelus Grating of the Stridulatory sound (high- [512]
pachygaster incisor teeth pitched, nasal, whining scrape)
Sphoeroides testudineus  Jaw stridulation Loud single scrapes, erks, rapid ~ [21]
paris of low-high pitch
Sphoeroides maculatus Grinding of upper Long bursts of creaking erk- [21,521,5
and lower plates in  erks, scrapes, erls, low dull 22]
mouth. Possible thumps, double erks
participation of
swim bladder
Sphoeroides spengleri Jaw stridulation [21]
Toothplate [526]
stridulation
Uranoscopidae Genyagnus Uranoscopus scaber Sonic morphology [732]

monopterygius

LV



Zanclidae Zanclus Zanclus cornutus Pulse, pulse train (2 events per [138]

cornutus train)
Zeidae Cyttomimus Zeus faber Barks [610,611]
affinis [545]

posterior portion of the swim bladder
left anterior portion of the swim bladder

right anterior portion of the swim bladder

left anterior portion of the swim bladder wall

bottleneck
Figure SP8 - 1 lllustration of the swim bladder of Brotula multibarbata. (A) Schematization of the dissected

specimen. (B) Zoom on the swim bladder of the dissected specimen. Part of the swim bladder wall was removed.
(C) Nlustration of the bottleneck between the anterior and posterior parts of the swim bladder.
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Appendix to Chapter 9

Table SP9 - 1 Location of the sampling sites. MPA = Marine Protected Area. nMPA= non Marine Protected

Area. E2B= ‘entre deux baies’.

Name
Site
Status Coast latitude longitude 2015 2021
MPA West Tetaiuo -17.5052 -149.9275  07/04 31/01
nMPA West Gendron -17.4995 -149.9276  03/03 27/01
MPA North-West Tiahura -17.4830 -149.8998  09/04 01/02
nMPA North-West Papetoai -17.4829 -149.8861 05/03 28/01
MPA North Pihaena -17.4765 -149.8291  06/05 04/02
nMPA North E2B -17.4751 -149.8372  18/03 09/02
MPA East Nuarei 175006  -149.7546  02/04  04/02
nMPA East Temae -17.5067 -149.7600  10/03 04/02

Table SP9 - 2 Details concerning the categories used for coral cover according to Lison de Lima (2008).

Live coral Broken living fragments larger than 15 cm were considered.

Dead coral Only recently dead coral (less than one year) still standing or recently broken were considered.
The polyp structure must be visible and algal cover must be slight.

Macroalgae Only noncalcareous algae of large size were considered.

Pavement Hard compacted substrate even when covered with fine turf (smaller than 5 mm) or encrusting
algae. In addition, old dead coral (for more than one year) was included.

Rubble Small fragments of biogenic calcium carbonate between 0.2 and 15 cm.

Sand Fine sediment with particles < 0.2 cm that do not stay suspended when disturbed (contrarly to

the mud).

Table SP9 - 3 Nested Analyses of covariance outputs for the data from 2021.

Frequency Temporal 2
band period response % Df P

Moon . . 4.99 1 0.025
protection high night PSDepea 0.27 1 0.60
Moon . . 1.73 1 0.19
protection g g iimpeEs 145.74 1 <0.0001
Moon . 0.069 1 0.79
protection high day PSDepea 1.69 1 0.19
Moon . 1.28 1 0.26
protection el oy iPEeE 103.84 1 <0.0001
Moon . 51.06 1 <0.0001
protection low night PSDepea 19.00 1 <0.0001
Moon low niaht Fpeak 0.44 1 0.50
protection g TP 0.033 1 0.86
Moon 0.015 1 0.90
protection low day PSDepea 110.51 1 <0.0001
Moon low da Fpeak 0.97 1 0.32
protection y TP 111.62 1 <0.0001
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Table SP9 - 4 Nested Analyses of variance outputs for the data from 2021.

Value nMPA Value MPA v Df P
Fish abundance 259.89 276.75 031 1 058
Fish species richness 63 68 4.45 1 0.035
Total Sleractinia 0.15 0.22 21.86 1 <0.0001
Total Algae 0.058 0.063 4847 1 <0.0001
Asparagopsis 0.040 0.057 2.83 1 0.092
Halimeda 0.0089 0.0067 3085 1 <0.0001
Others macroalgae 0.0044 0.00 5.71 1 0.017
Turbinaria 0.0044 0.00 1.43 1 0.23
Pavement 0.60 0.64 0.077 1 0.78
Rubble 0.16 0.063 194 1 016
Sand 0.038 0.017 294 1 0.087

Table SP9 - 5 Mean and standard deviation (SD) acoustic features for each frequency band and temporal

period.
Frequency Temporal Year protection PSDrpeak vFpeak (Hz)
band period

mean SD n mean SD n
high night 2015 MPA 76.32 2.80 8 5514.75 1120.24 8
nMPA 77.12 2.14 8 4871.25 816.52 8

2021 MPA 79.20 1.40 56 4595.75 508.07 56

nMPA 79.08 1.06 56 5281.91 233.16 56
high day 2015 MPA 69.85 3.33 4 5514.75 128237 4
nMPA 69.75 2.70 4 491750 1075.84 4

2021 MPA 69.88 2.04 56 4961.89 57421 56

nMPA 70.16 0.82 56 5549.59 369.84 56
low night 2015 MPA 66.38 0.82 8 19754 1344 8
nMPA 68.48 2.53 8 208.71  42.25 8

2021 MPA 70.92 1.90 56 207.37 17.19 56

nMPA 72.05 1.97 56 206.86  25.03 56
low day 2015 MPA 71.40 2.19 4 324.62  33.58 4
nMPA 72.50 2.23 4 349.50 11.48 4

2021 MPA 71.36 0.91 56 292.02 68.44 56

nMPA 73.23 1.43 56 355.50 41.67 56
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Table SP9 - 6 Nested Analyses of covariance outputs for the data from 2015 and 2021.

F r%qali]e dncy T(:)r:r[?(c))gal response 1 Df P
Moon 12.38 1 0.00043
Year . . 23.35 1 <0.0001
Protection high night PSDepe 0.031 1 0.86
Year:protection 0.79 1 0.37
Moon 3.00 1 0.083
Year . . 5.62 1 0.018
Protection high night YFpeak 22.33 1 <0.0001
Year:protection 32.64 1 <0.0001
Moon 0.32 1 0.57
Year . 0.088 1 0.77
Protection high day PSDepe 1.30 1 0.25
Year:protection 0.23 1 0.63
Moon 2.06 1 0.15
Year . 0.013 1 0.91
Protection high <y el 40.90 1 < 0.0001
Year:protection 14.79 1 0.00012
Moon 44,79 1 <0.0001
Year . 44.82 1 <0.0001
Protection low night PSDepe 20.27 1 <0.0001
Year:protection 0.20 1 0.66
Moon 0.41 1 0.52
Year _ low night yFpeak 0.28 1 0.60
Protection 0.092 1 0.76
Year:protection 1.75 1 0.19
Moon 0.24 1 0.62
Year 1.06 1 0.30
Protection low day PSDepe 88.60 1 < 0.0001
Year:protection 0.89 1 0.35
Moon 1.32 1 0.25
Year low day yFpeak 0.41 1 0.52
Protection 104.27 1 <0.0001
Year:protection 2.25 1 0.13
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Appendix to Chapter 10

high SNR sound of interest

*

low SNR sour]d of interest

other fish sound

Frequency
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other fish sound
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Figure SP10 - 1 Conditions employed to test the detection algorithm: (A) only high SNR sounds of interest,
(B) a mix of low and high SNR sounds of interest, (C) a mix of sounds of interest and other fish sounds, (D)
only other fish sounds, and (E) a mix of fish sounds and anthropogenic noise. SNR = signal-to-noise ratio.
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A ‘ subsurface buoy

deep buoy

hydrophone 4
(acoustic release)

pivot point
hook

lead

Figure SP10 - 2 Schematization of the acoustic release and the acoustic recorder used to record the
biophony at 300 m at Moorea Island. (B) Zoom on the deep buoy. (C) Zoom on the acoustic release and the
acoustic recorder. The picture was taken at a shallower depth for illustration purposes.

LXI



dB re 1uPa2Hz™"
2 t110

100

N
(&)

—_—

Frequency (kHz)

0.5 it URIEET  my e, -

Q5PM 10PM 3AM  _ 7AM 1PM
Time (h)

Figure SP10 - 3 Spectrogram of the soundscape under 2 kHz recorded at 300 m at Moorea (24h, from 5PM
to 4:59 PM). LFFT = 256, overlap = 75%, window = Kaiser.
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Figure SP10 - 4 Spectrogram of the soundscape under 2 kHz recorded at 300 m at Moorea. FFT = 256.
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