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ABSTRACT: Marine turtles have long been considered to be silent, but few investigations have
been performed to confirm such muteness. However, recent studies on the aerial and underwater
hearing abilities of marine turtles have shown they have an ability to perceive sounds, suggesting
the potential existence of acoustic communication among them. In the present study, audio-video
recorders were deployed on 11 free-ranging juvenile green sea turtles Chelonia mydas at Grande
Anse d'Arlet in Martinique. The recordings revealed that the turtles produced 10 different sound
types that were classified into 4 main categories: pulses, low-amplitude calls (LAC), frequency-
modulated sounds, and squeaks. Although other turtles were not observed in close proximity to
tagged turtles during the recordings, some of the described sounds were found in most recorded
individuals and their frequency characteristics ranged within the underwater hearing range of
green sea turtles, suggesting that the sounds could be used for intra-specific communication.
While control recordings in the study area without the presence of green sea turtles contained
sounds with similar general structure (pulses, LAC), the acoustic characteristics were significantly
different to those recorded for green sea turtles. The 2 types of squeaks identified for the turtles
were found to be individual-specific, also suggesting they could be used for intra-species commu-
nication. Further research on sea turtles is needed to better understand the behavioral and social
context of these acoustic productions, especially during the developmental period and breeding
season. Thus, the vocal repertoire of green sea turtles is likely to be more diverse than that cur-
rently described.
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1. INTRODUCTION

The green sea turtle Chelonia mydas is threat-
ened by a wide range of anthropogenic pressures
and is now classified as Endangered on the IUCN
Red List (https://www.iucnredlist.org). As with most
marine turtles, green sea turtle populations are im-
pacted by harvest, accidental bycatch in fishing
nets, and habitat loss (Seminoff 2004, Wallace et al.
2013). The green sea turtle has a circumpolar distri-
bution and occurs in tropical and subtropical waters.
This species uses several types of habitat through
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its life cycle and performs long migratory routes
between feeding and nesting grounds (Baudouin
et al. 2015, Chambault et al. 2015). After spending
the first years offshore in pelagic waters, juveniles
come to coastal waters, where they feed on sea-
grasses and algae (Siegwalt et al. 2020). Adult tur-
tles only come to shore to nest (Chambault et al.
2016). The social behavior of juvenile and adult
green sea turtles is not very well known, nor is
their communication system. A better general under-
standing of this endangered species seems critical
to better understand its biology, but it will also help
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in assessing the threats they are exposed to in their
natural environment.

Freshwater and marine turtles belong to the order
of Testudines which has long been considered as a
‘silent group’ (Campbell & Evans 1972), meaning there
is a paucity of studies on the role of sound production
in their ecology and behavior. The assumption of
muteness was derived from the complementary
thought that turtles were deaf. Pope (1955) noted
that 'the deafness of turtles, therefore, suggests a
corresponding muteness'. Such views were likely
accounted for by the absence of external ears in
chelonians, the difficulty in observing behavioral
responses to sounds, and the relative rarity of vocal-
izations perceptible to human hearing (Gans & Mader-
son 1973, Wever 1978). However, in the last 2 de-
cades, studies have revealed the ability of several
terrestrial and freshwater turtles to emit sounds in
air, as well as underwater sounds for freshwater tur-
tles, with up to 17 categories of sounds found for
Chelonida oblonga (Giles et al. 2009). These exam-
ples show the importance of acoustic signals in tur-
tles' social behavior and reproduction (Galeotti et al.
2005, Giles et al. 2009). These results challenge con-
ventional ideas about sound production in cheloni-
ans; however, very few studies have examined sound
production in marine turtles.

Production of sounds in air has been noted in
female nesting marine turtles, such as the leather-
back sea turtle Dermochelys coriacea (Carr 1995,
Lutcavage & Lutz 1997), and has even been precisely
characterized (Mrosovsky 1972, Cook & Forrest 20095).
The grunt-like sound produced by leatherbacks, on
the other hand, appears to be more related to their
respiration than to an acoustic communication signal.
Airborne sound production has also been shown in
embryos and hatchlings of different marine species,
such as hawksbill sea turtles Eretmochelys imbricata
(Monteiro et al. 2019), Kemp's ridleys Lepidochelys
kempii (Ferrara et al. 2019), green sea turtles (Fer-
rara et al. 2014a), olive ridley turtles L. olivacea
(McKenna et al. 2019) and leatherback turtles (Fer-
rara et al. 2014b). This may suggest acoustic commu-
nication among the embryos to synchronize hatch-
ling and nest emergence (McKenna et al. 2019), as
has been observed in freshwater turtles such as the
Arrau turtle Podocnemis expansa (Ferrara et al.
2013), and in crocodiles and birds (Britton 2001,
Vergne et al. 2007, Colombelli-Négrel et al. 2012).
For freshwater turtles, Ferrara et al. (2013) also
recorded 11 different types of sound, produced in
air and under water, from adult females approach-
ing and responding to hatchling sounds. While we

cannot draw direct conclusions from this on the abil-
ity of green sea turtles to produce sounds under
water, these findings support the idea that this spe-
cies would be equally capable of emitting sounds
under water to potentially communicate with con-
specifics.

Moreover, experimental studies have demonstrated
that marine turtles (green sea turtle, leatherback,
hawksbill, loggerhead and Kemp's ridley) can detect
sounds both in air and under water (Bartol et al. 1999,
Bartol & Ketten 2006, Martin et al. 2012, Piniak 2012,
Piniak et al. 2016). It is now becoming evident that
hearing may have a more important role in their per-
ception of the environment than previously assumed,
and this also suggests the potential existence of
acoustic communication amongst marine turtles.

Underwater sound production by marine turtles
has been evidenced in hatchlings (Ferrara et al.
2014a,b, 2019, McKenna et al. 2019, Monteiro et al.
2019), but it has not been investigated in juvenile or
adult marine turtles, so we aimed to fill this gap. The
present study examines underwater sound produc-
tion in green sea turtles in their developmental area
in Martinique. This population is characterized by
resident juveniles that spend several years in devel-
opmental neritic habitats on the southwest coast of
Martinique (Musick & Limpus 1997, Bonola et al.
2019, Siegwalt et al. 2020). The green sea turtle has
long been considered to be solitary; however, social
interactions between conspecifics have been ob-
served in Martinique (Roost et al. unpubl. data), sug-
gesting that green sea turtles could be more socially
interactive and thus communicative with congeners
than previously expected.

Our first aim was to describe the different sounds
produced by juvenile green sea turtles, using audio-
video recorders attached to free-ranging individuals.
The development of novel and advanced technologi-
cal instruments in the last few years, such as multi-
sensor tags, has brought new opportunities and
insights into the study of animal behavior (Treasure
etal. 2017, Greif & Yovel 2019) and for marine turtles
in particular (Jeantet et al. 2018, 2020, Siegwalt et al.
2020). In a second step, control acoustic recordings
were performed (i.e. without the presence of green
sea turtles) in seagrass meadows commonly used by
the juveniles for feeding, to detect whether other
species could also have produced sounds with the
same acoustic characteristics as those recorded
from the turtles. As a last step, we assessed the pos-
sible occurrence of individual acoustic signatures in
the different sound types of their repertoire, and thus
their potential use for intra-specific communication.
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2. MATERIALS AND METHODS
2.1. Study site and animals

This study was carried out from May to October
2018 in Grande Anse d'Arlet (14°50'N, 61°9'W),
Martinique island (French West Indies, France). A
total of 12 juvenile green sea turtles (6 in May 2018
and 6 in October 2018) were manually captured
along the coast by 3 freedivers. The relatively shallow
depths of the foraging areas (between 2 and 15 m)
allowed the divers to silently approach an animal in
a static position at the bottom (i.e. resting or feed-
ing). One diver caught the turtle by the nuchal shell
and pygales plate, then a second diver came to hold
the foreflippers and helped to lift the turtle back to
the surface. A third freediver ensured the team's
safety. The entire procedure is precisely described in
Niviere et al. (2018). Customized Animal Tracking
Solutions (CATS) cam devices were attached to the
carapace on free-ranging juvenile green sea turtles
using 4 suction cups, for periods ranging from several
hours to several days. Air was manually released
from the cups, which were held in place by the use of
a galvanic timed-release system. A CATS cam device
is comprised of a video-recorder (1920 x 1080 pixels
at 30 frames s~!) combined with a tri-axial accelero-
meter, a tri-axial gyroscope, magnetometer, time-
depth recorder, hydrophone (HTI 96 min, frequency
response: 2 Hz to 30 kHz, sensitivity: —165 dB re
1 V/mPa), thermometer, and GPS tracker. Technical
issues appeared for 1 individual out of the 12 equipped
turtles, causing failure of audio-video recordings.

2.2. Acoustic recordings and analyses
2.2.1. Turtles

For acoustic settings of the CATS devices, we
recorded in mono at a frequency sampling rate of
24 kHz (16 bit). From these recordings, we analyzed
65 h 28 min of audio-recordings and labeled 2308
sounds that could have been produced by the tagged
turtles (see Table S1 in the Supplement at www.int-
res.com/articles/suppl/n048p031_supp.pdf for num-
ber of labeled calls per individual and per call type).
The best-quality sounds (no noise, no overlap with
other sounds) were selected for analysis, and thus 950
sounds were analyzed in both frequency and tempo-
ral domains. Labeling of sound files and acoustic
analysis were performed using Avisoft SASlab Pro
(Avisoft Bioacoustics). To improve visualization of the

sounds on spectrograms (Hamming, Fast Fourier
Transform [FFT] size 1024 pts), all sound files were
down-sampled at 22 kHz, as there was no energy at
frequencies above 10 kHz. An additional high-pass
filter at 160 Hz was used to remove any flow noise
created by the CATS cam.

For each individual, and for each sound type, we
selected up to 15 replicates (and a minimum of 5
replicates) to measure their characteristics in both
time and frequency domains.

For pulse-type sounds, we measured the duration
(in ms, measured from the beginning of the first
pulse to the end of the last pulse) of the waveform
(cursor precision: 0.04 ms). For sounds composed of
several pulses, the pulse rate was calculated (in Hz)
using the Pulse Train Analysis function in Avisoft
SASLab Pro. We also measured the period (T, in s) of
pulses by measuring the peak-to-peak time interval
between 2 consecutive pulses from the oscillogram
(cursor precision: 0.04 ms), applying the formula F =
1/T (in Hz) to obtain the frequency of each pulse.

For non-pulse sounds, we measured the duration
from the oscillogram (cursor precision: 0.1 ms) along
with spectral features from the averaged energy spec-
trum: the frequency of the highest energy (Fmax, in
Hz), the energy quartiles (Q25, Q50 and Q75, in Hz),
the percentage of energy below a threshold fre-
quency value (Eb in %, <1500 Hz for croaks, <250 Hz
for rumbles and <4000 Hz for squeaks; these fre-
quency values were determined after inspection of
the spectrograms) and the frequency bandwidth in
which the energy is within 6 dB of the first peak
(Bdw, in Hz).

For frequency-modulated sound (FMS), unfiltered
sound files were used (as frequencies could occur
below 160 Hz), and minimum and maximum fre-
quency values (Min Fo, Max Fo in Hz) of the funda-
mental frequency from the spectrogram (Hamming,
FFT size 1024 pts, 93.75 % overlap; cursor precision =
20 Hz) were used to calculate the frequency excur-
sion of the fundamental frequency (Exc. Freq, in Hz).

We estimated the received level (RL) of a limited
number of call types in our recordings, and we used
the root mean square (RMS, in V) function in Avisoft
SASLab Pro on sounds that had been previously
measured. To calculate RL for a given call, we used
the following formula: RL (in dB re 1 pPa RMS) =
20 logo(amplitude of the call, in Vgys) — Gain (in dB)
— (Hydrophone sensitivity, in dB re 1 pPa). The gain
was set at +3 dB, and the sensitivity of the hydro-
phone was —165 dB re 1 pPa. RL (in dB re 1 pPa RMS)
was calculated by selecting 1 call of each call type
per tagged individual.


https://www.int-res.com/articles/suppl/n048p031_supp.pdf
https://www.int-res.com/articles/suppl/n048p031_supp.pdf

34 Endang Species Res 48: 31-41, 2022

2.2.2. Control sessions

In November 2019, 5 acoustic control recording ses-
sions were performed using a C54XRS Cetacean Re-
search Technology hydrophone (frequency response:
6 Hz to 203 kHz; sensitivity: —165 dB re 1 V/pPa) con-
nected to a digital recorder (ZOOM H4n). We were
not able to use a CATS cam for these control sessions
due to technical issues. The recordings were per-
formed from a boat anchored in areas where the
equipped green sea turtles had been caught previ-
ously. No green sea turtles were observed during the
different control recording sessions. A total of 10 h
and 40 min of audio recordings (about 2 h per ses-
sion) were collected on 4 different days, and at 2 dif-
ferent times of day (3 mornings and 2 afternoons).
Sounds that showed similarities in their temporal
pattern and/or frequency characteristics to those pre-
viously described from the CATS cam deployed on
green sea turtles were labeled. The same acoustic
features were thus measured and their values (see
Table 3) were compared to those obtained for differ-
ent turtles (see Table 1) using Wilcoxon tests.

2.2.3. Individual acoustic stereotypy

To better understand the potential role or biological
function of the recorded sounds, we sought to identify
if the different sound types presented some individ-
ual-specific characteristics. Kruskal-Wallis tests were
performed for all sound types, on each variable to
assess differences among individuals. We also tested
a random forest (RF) algorithm to automatically clas-
sify the produced sounds according to the indivi-
dual acoustic characteristics, completing the analysis.
This method is now commonly used to classify sounds
into classes (individuals, call categories) (Thiebault et
al. 2019, Epp et al. 2021, Indeck et al. 2021, Martin et
al. 2021). This was done only on squeaks for which
a sufficient number of acoustic variables and indi-
viduals to run the algorithm were available. We used
the randomForest package in R (Liaw & Wiener 2002)
and calculated the overall error rate (out-of-bag error,
OOB). The OOB corresponds to the average error
for each observation using only the predictions of
trees trained without the tested observation. From
the OOB, one can extract the global accuracy of pre-
diction (1 — OOB). We also reported the importance
of variables in the individual identification ranked in
decreasing order using the Gini index. Gini indices
relate the contribution of each variable to the classifi-
cation; the variables with the highest Gini values are

the ones contributing the most to the classification.
Based on the RF confusion matrix, we calculated the
proportion of correct predictions for each individual,
giving us an indicator of ‘precision’ (Thiebault et al.
2019). The correct prediction rate can be compared to
a prediction by chance, calculated as the number of
calls for a given individual divided by the total
number of calls included in the analysis. We included
the 7 acoustic variables (Duration, Fmax, Q25, Q50,
Q75, Eb, Bdw) that were measured for both squeak
types and for individuals having 15 replicates (n = 7
individuals for short squeaks and n = 8 for long
squeaks). We performed 2 RF classifications; sepa-
rately on short and long squeaks, the number of vari-
ables randomly selected at each split was set at 2 (as
we had only 7 variables) and the number of trees
grown was set at 1000.

All statistical tests were performed in RStudio ver-
sion 1.2.5042 (RStudio Team 2020).

3. RESULTS
3.1. Vocal repertoire

The underwater vocal production of 11 juvenile
green sea turtles was investigated. All sounds were
produced without the production of air bubbles, thus
no air was exhaled. Sounds were separated into 4
main categories (Fig. 1, Tables 1 & S1): pulses, low-
amplitude calls (LAC), FMS and squeaks. Within
each main category, 2 to 5 sound types were defined.

For pulses, 5 types of pulsatile sounds were identi-
fied that differed in the number of pulses produced
and in their general pulse rate (Fig. 1A-F). Pulses
were noticeably short sounds (<3.8 ms) composed of
1 (mono), 2 (doublet) or 3 (triplet) pulses. These 3 cat-
egories of pulses had a main frequency of 1042, 1053
and 1057 Hz respectively (Table 1, Fig. 1A-C), and
an average pulse rate of 26 and 27 Hz for doublets
and triplets respectively, with pulses produced in
series also being found. Multipulses (Fig. 1D) were
composed of 5 pulses on average (range: 4 to 8
pulses), and showed an average pulse rate of 28 Hz
and an average frequency of 1040 Hz, similar to
those measured for doublets and triplets (Table 1). In
contrast, tocs (Fig. 1E) were usually composed of a
greater number of pulses than multipulses, 7 on aver-
age (range: 4 to 20 pulses), and they also showed a
much lower pulse rate (11 + 2 Hz, Table 1). The aver-
age frequency could not be measured due to their
low amplitude level, but tocs were usually at fre-
quencies below 400 Hz (Fig. 1).
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Table 1. Acoustic variables (average + SD) in both temporal and frequency domains measured on the 10 call types described

for juvenile green sea turtles from Customized Animal TrackingSolutions (CATS) cam recordings. Kruskal-Wallis tests per-

formed on each variable to assess differences among individuals (*p < 0.05). Bdw: frequency bandwidth in which energy is

within 6 dB of the first peak; Eb: percentage of energy below a threshold frequency value (<1500 Hz for croaks, <250 Hz for

rumbles and <4000 Hz for squeaks); Exc. Freq: frequency excursion; Fmax: frequency of the highest energy; FMS: frequency-

modulated sound; ind.: individuals; LAC: low-amplitude calls; Max Fo: maximum frequency; Min Fo: minimum frequency;
NA: not applicable; NM: not measurable; NS: not significant; Q25, Q50 and Q75: energy quartiles

Call type Duration (ms) No. of pulses Pulse rate (Hz) Frequency (Hz)
Pulse
Mono 3.8+1.8 1 NA 1042 + 101*
(n =144, 10 ind.)
Doublet 43 + 7.7* 2 26 £5* 1053 + 73*
(n=128, 10ind.)
Triplet 79.2+9.6* 3 27 £3* 1057 + 74*
(n =130, 10 ind.)
Multipulse 145.6 + 40.6 5+1 28+4 1040 + 67
(n=33,5ind)) (NS) (NS) (NS) (NS)
Toc NM 7+4 11+2 NM
(n=126, 10 ind.) (NS) (NS)
Duration (ms)  Fmax (Hz) Q25 (Hz) Q50 (Hz) Q75 (Hz) EDb1500/250 (%) Bdw (Hz)
LAC
Croak 94 +28 1629 + 263* 1305 + 124* 1606 + 128~ 1878 + 97 39+11 717 + 334"
(n=39, 5ind)) (NS) (NS) (NS)
Rumble 249.1 £ 117.6 322 + 96 272 £ 40 346 + 53 431 £ 54 22+12 205 + 98
(n=47,9ind.) (NS) (NS) (NS) (NS) (NS) (NS) (NS)
Duration (ms) Min Fo (Hz) Max Fo (Hz)  Exc. Freq (Hz)
FMS 1060.7 £ 526.1* 240 + 146 506 + 313 266 + 242
(n=41, 5ind.) (NS) (NS) (NS)
Duration (ms)  Fmax (Hz) Q25 (Hz) Q50 (Hz) Q75 (Hz) Eb4000 (%) Bdw (Hz)
Squeak
Short squeak
(n=121,10ind.) 56.5 + 18.4* 3338 + 1295* 2772 + 752* 3891 £ 647* 4955 + 414~ 50 = 15* 2814 + 1289*
Long squeak
(n=129,10ind.)143.2 £ 69.1* 3816 + 1288* 2778 + 556* 3999 + 626 5014 +458* 49 + 13~ 2758 + 1427*

LAC were complex sounds, i.e. composed of a funda-
mental frequency and its harmonic series, always
recorded at a very weak amplitude. Two types of LAC
were described: croaks and rumbles (Fig. 1F,G). Croaks
were high-frequency calls (Fmax: 1625 + 260 Hz) with a
very short duration (9.4 + 2.7 ms) and showed a large
frequency bandwidth (725 + 330 Hz). In contrast, rum-
bles were low-frequency (Fmax: 323 + 94 Hz) and nar-
rowband sounds (bandwidth: 207 + 100 Hz) with a
longer duration (25 + 11.8 ms) compared to croaks.

FMS (Fig. 1H,I) were also composed of a fundamental
frequency (Min Fo: 250 + 165 Hz) and its harmonic se-
ries. They were the longest in duration (1070 + 523 ms)
and showed a frequency modulation (FM) pattern (as-
cending, descending or both), very variable among and
within individuals. We also observed an intra-individual
variability of the frequency excursion (i.e. difference
between the highest and the lowest produced fre-
quency), which ranged between 31 and 1047 Hz.

Finally, squeaks were wideband (bandwidth >
2700 Hz) and high-frequency sounds (Fmax > 3 kHz)
with a harmonic structure. Two types of squeaks that
differed by their total duration were described: short
squeak (56 = 19 ms, Fig. 1J) and long squeak (143 +
69 ms, Fig. 1K).

The RLs estimated on a sub-sample of calls and
measured for the 10 call types ranged from 102 to
124dB re 1 pPa RMS (Table 2). The lowest RLs were
found for tocs (pulses) and LAC such as croaks and
rumbles, with averaged RLs below 107 dB re 1 pPa
RMS.

3.2. Comparison to control recordings
In a second step, a comparison of these 10 described

sound types (Table 1) was made with the sounds col-
lected during control recordings (Table 3). We de-
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Table 2. Estimated received levels (RLs) on the acoustic tag of the 10 call types and their frequency characteristics (frequency
for pulses and Fo for FMS [from our Table 1] and Fmax for other call types [from our Table 1]) (present study), and hearing
thresholds extracted from audiograms measured in juvenile green sea turtles (Piniak et al. 2016, Bartol & Ketten 2006). For each
call type, RL estimation was assessed using 1 call per tagged animal. For Piniak et al. (2016), sound pressure level (SPL) thresh-
old values were directly extracted either from their Table 1 for tested frequencies (200, 300, 400, 1000 and 1600 Hz) or from their
Fig. 4 on the audiogram curves for non-tested frequencies (500 Hz). For Bartol & Ketten (2006), we used threshold values from
their Figs. 1 & 2 for tested frequencies (200, 300, 400 and 500 Hz). As several turtles were tested in both studies, we indicate SPL
threshold ranges instead of average values. Bold: call types with RL falling within the hearing range of juvenile green turtles;
Fmax: frequency of the highest energy; FMS: frequency-modulated sound; nt: not tested; RMS: root mean square

Call type RL No. of calls No. of Frequency or SPL threshold SPL threshold
(dB re 1 pPa RMS), individuals Fmax (Hz) (dB re 1 pPa RMS) (dB re 1 pPa RMS)
mean + SD (range) (Piniak et al. 2016) (Bartol & Ketten 2006)
Mono 124 £ 3 10 10 1042 135-140 @ 1 kHz nt
(121-130)
Doublet 115+ 5 10 10 1053 135-140 @ 1 kHz nt
(109-120)
Triplet 114 + 3 10 10 1057 135-140 @ 1 kHz nt
(109-119)
Multipulse 112+ 5 10 10 1040 135-140 @ 1 kHz nt
(104-120)
Toc 105+ 6 10 10 <400 88-110 @ 400 Hz 90-110 @ 400 Hz
(95-111)
Croak 106 + 4
(101-115) 9 9 1629 146-157 @ 1600 Hz nt
Rumble 110+ 8
(98-122) 9 9 322 85-104 @ 300 Hz 83-115 @ 300 Hz
FMS 127 £+ 7
(115-133) 5 5 240-506 87-102 @ 200 Hz 88-106 @ 200 Hz
Short squeak 124 + 4 100-115 @ 500 Hz 102-115 @ 500 Hz
(117-129) 9 9 3338 nt nt
Long squeak 122+ 3
(118-125) 9 9 3816 nt nt

tected sound types similar to pulses and LAC. For
pulses, the following 5 described pulse types were
identified: mono, doublet, triplet, multipulse and toc;
and for LAC, we found sounds similar to croaks and
rumbles. Comparative analysis of temporal and fre-
quency parameters revealed significant differences
between those recorded during the control sessions
(Table 3) and those obtained from the turtle-linked
hydrophone (Table 1), except for the mono pulses.

3.3. Individual vocal stereotypy

Finally, to evaluate the potential for intra-specific
communication, we investigated the level of individ-
uality in the different sound types. We found that the
5 described types of pulses showed acoustic variables
that were significantly different among individuals,
except for toc and multipulses (Table 1, Kruskal-
Wallis tests). For LAC, rumbles did not exhibit any
individuality in their different variables, whereas
croaks showed most of their spectral features to be
significantly different among individuals. Unsurpris-
ingly, FMS were not found to be individual-specific

due to their high variability within individual record-
ings. In contrast, for both long and short squeaks, all
acoustic variables were found to be significantly dif-
ferent among individuals.

Since most individuals emitted the latter two, we
tested an RF algorithm to automatically classify long
and short squeaks according to individual acoustic
characteristics. For short squeaks, the RF classified
the sounds of 7 individuals with a global accuracy of
prediction of 76.2 % (the overall error rate [OOB] was
23.8 %). Based on the matrix of confusion, the indica-
tor precision showed that 60 to 93 % of the calls were
classified to the correct individual, and these rates
were always greater than those expected by chance
(14.3%, Table S2). The acoustic variables showing
the highest importance for classification were spec-
tral features such as Q25, Q75 and Fmax (Gini index:
18, 14 and 12 respectively).

For long squeaks, the RF classified the sounds of
7 individuals with a global accuracy of prediction
of 68.5% (the OOB was 32.5%). Based on the matrix
of confusion, the individual correct classification rates
ranged from 40 to 87 %, and these rates were always
greater than those expected by chance (12.5%,
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Table 3. Acoustic characteristics of sounds detected during
control recordings showing similarities with sounds described
for juvenile green sea turtles from CATS cam recordings.
Average values (+ SD) shown, as well as range (in parenthe-
ses) for both temporal and frequency variables. *Significant
difference (p < 0.05, Wilcoxon test). Fmax: frequency of the
highest energy; LAC: low-amplitude calls; NS: not significant;
NC: lack of comparison

Call type No. of pulses Pulse rate (Hz) Frequency (Hz)
Pulse
Mono 1 - 901 + 328
(n=16) (457-1281)
(NS)
Doublet 2 19 +7 789 + 357
(n=10) (9-34)* (470-1293)
(NS)
Triplet 3 27 +4 713 + 266
(n=19) (14-33) (293-1218)*
(NS)
Multipulse 5x1 25+5 650 + 165
(n=236) (4-7) (14-34)* (350-1200)*
(NS)
Toc 9+4 12+3 256 + 54
(n=19) (4-19)* (8-22)* (201-464)
(NC)
Duration (ms) Fmax (Hz)
LAC
Croak 55.7 + 16.8 463 + 60
(n=19) (29.8-96)* (361-570)*
Rumble 1453 478
n=1)

Table S3). The acoustic variables showing the highest
importance for classification were mostly spectral fea-
tures such as Q25 and Q50, and also 1 temporal vari-
able, duration (Gini index: 19, 19 and 17 respectively).

4. DISCUSSION
4.1. Underwater acoustic repertoire

This study is the first to report a wide range of
underwater sounds produced by juvenile green sea
turtles. We could not associate any specific behavior
or activity with these vocal productions, and no sound
production was observed in the presence of another
turtle. However, we observed that tocs (one type of
pulse sound) were mainly detected when juvenile
green sea turtles were resting on the sea floor, and
squeaks when animals were swimming back to the
surface. Squeaks were not synchronized with flipper
strokes, so perhaps they are not a by-product of their
swimming movements, as might have been thought.
As they are often produced when going back to sur-

face, squeaks might be associated with sea turtles
preparing to breathe when reaching the surface.

The different sounds described in this study show
some similarities with the underwater vocal reper-
toire of long-necked freshwater turtles Chelodina
oblonga (Giles et al. 2009). Indeed, this freshwater
turtle produces pulses (clacks, double clicks and
staccato similar to mono, doublet, multipulses or toc
respectively), but also sounds showing a clear har-
monic structure, with or without an FM pattern (FMS
similar to wail or high call; squeaks similar in their
general structure to squawks or richly harmonic long
chirps). If similarities occurred in the general acoustic
structure of their vocal production (pulses, harmonic
structure sound, FM pattern etc.), their durations and
dominant frequencies are not similar, likely due to
the clear body-size differences.

Regarding the underwater sound production evi-
denced in hatchlings of Kemp's ridley (Ferrara et al.
2019), some of their sounds also show similarities
with sounds showing harmonic and non-harmonic
structure (types I, II, III, IV, VI), some of them includ-
ing an FM pattern (II, I1I, VI), and pulses (V). In these
3 studied species (C. oblonga, Lepidochelys kempii
and Chelonia mydas), the sound productions ranged
from pulses to much more complex sounds with har-
monics and FM. These acoustic similarities gave us
additional confidence that the recorded and described
sounds could indeed have been produced by the
juvenile green sea turtles. Our control recordings
demonstrated that if some recorded sounds showed
similar general structure, the frequency and/or tem-
poral characteristics differed and thus were likely
produced by other marine species such as crustaceans
or fishes occurring in the green sea turtle habitat.
The only uncertainty remained for mono pulses that
shared similar acoustic characteristics.

The frequency bandwidth of the described sounds
matched the hearing frequency range of green sea tur-
tles measured in different electrophysiological studies
(Bartol & Ketten 2006, Piniak 2012, Piniak et al. 2016).
The underwater hearing sensitivity of juvenile green
sea turtles, assessed by recording auditory evoked po-
tentials, was found to be able to detect tonal sounds be-
tween 50 and 1600 Hz under water, with the highest
sensitivity for frequencies ranging between 200 and
400 Hz (with an averaged threshold at 95-96 dB re 1
pPa RMS) in Piniak et al. (2016) and 600-700 Hz in
Bartol & Ketten (2006). Based on these hearing abilities
and the frequency bandwidth of the sounds, we can
conclude that most of the described sounds in the pres-
ent study can be heard by green sea turtles and thus
could be used for intra-specific communication. Only 3
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sounds with a frequency bandwidth outside the green
sea turtle's hearing ability were found: croak, as well
as both short and long squeaks. These contained fre-
quencies both below and above 2000 Hz, suggesting
that green sea turtles may only partially hear them. If
we take into account the averaged RLs for the 10 de-
scribed sound types, ranging from 98 to 133 dB re 1
pPa RMS (Table 2), only 3 sound types are produced at
alevel that could be detected by juvenile green turtles:
tocs, rumbles and FMS. Most pulses, with the ex-
ception of tocs, are produced at a frequency around
1040 Hz and at an average level between 109 and
121 dB re 1 pPa RMS, so they are outside the hearing
threshold described by Piniak et al. (2016). However,
using audiograms performed on juvenile green sea
turtles, Bartol & Ketten (2006) reported different
thresholds. Similarly, Kemp's ridley hatchlings pro-
duced underwater sounds, most of which showed peak
frequencies between 560 and 750 Hz (Ferrara et al.
2019), and their best hearing sensitivity is between 100
and 200 Hz (Bartol & Ketten 2006). This highlights that
further investigations are needed on the hearing sense
of marine turtles before making conclusions on their
abilities to hear the different sounds they produce.

As we do not know the biological function of these
sound productions, even if partially heard, they could
still be used for intra- or inter-specific communica-
tion. Our investigations on individuality revealed
that squeaks were individual-specific and thus could
be used for individual recognition. In contrast, some
sounds described in this study are within the best
hearing sensitivity of juvenile green sea turtles, such
as rumbles, tocs and FMS (Fmax ranging from 100 to
400 Hz), and these call types did not show any indi-
viduality. These sounds might be good candidates for
intra-specific communication, but they would not
likely be involved in individual recognition pro-
cesses. Further investigations are thus needed to bet-
ter understand the behavioral and social context of
these acoustic productions, and how they develop
throughout the long life cycle of green sea turtles
(from juvenile to adult stages).

All sounds were produced without the presence of
air bubbles in water, as we observed on the video
recordings. This indicates that the sounds are pro-
duced with the mouth closed, and air stays within the
vocal system of the turtles, as described for the long-
necked freshwater turtle (Giles et al. 2009). The aer-
ial and underwater vocal production mechanisms are
still unknown in turtles, but they likely involve the
larynx, the vocal cords, and 2 ventral cricoid divertic-
ula that may act as cavity resonators (Sacchi et al.
2004, Colafrancesco & Gridi-Papp 2016). Further in-

vestigations are needed to better understand the
anatomical structures involved in vocal production in
turtles as well as the air flow during underwater
vocal production in aquatic turtles.

4.2. Human-made noise impacts on marine turtles

This first study opens research avenues for green sea
turtles and marine turtles in general, as the ability of
the former to produce a wide range of sounds under-
water that could be involved in acoustic communica-
tion was shown. Further knowledge is crucial to assess
the impact of anthropogenic noise on both behavior
and communications networks of turtles. Anthro-
pogenic noise is dramatically increasing in all oceans
(Hildebrand 2009), and is particularly impacting spe-
cies inhabiting coastal waters where human activities
can be very important. Green sea turtles use coastal
waters for foraging, breeding, and nesting, and these
areas of interest are noisy and becoming noisier. Most
human activities in these areas (drilling, military sonar,
airgun, vessel traffic etc.) generate low-frequency
noise that overlaps with the most sensitive hearing
range of green sea turtles, as well as other marine tur-
tles such as loggerhead turtles Caretta caretta (Martin
et al. 2012, Lavender et al. 2014), and also the range of
their acoustic production (present paper).

Recent studies have shown that green and logger-
head turtles may use the soundscape of their forag-
ing habitats to select high-quality coastal habitats by
eavesdropping on low-frequency acoustic produc-
tion from fishes and invertebrates (Papale et al.
2020). However, such assessment is only possible in
areas with low anthropogenic acoustic pollution, as
human-made noise will fully overlap these biologi-
cal acoustic productions. It has already been shown
that green and loggerhead turtles react to airgun
sound exposure (McCauley et al. 2000) by showing
an avoidance response (increased swimming speed)
and stress-induced behavior (i.e. erratic behavior
and agitated state). Tyson et al. (2017) deployed a
multi-sensor tag (ROTAG) on 1 juvenile green sea
turtle to identify activities in relation to noise sources
and showed that the animal responded to noise by
remaining still near the seafloor during passings of
the vessel. Noise can also impact turtles physiologi-
cally, from permanent or temporary hearing loss to
death (Viada et al. 2008). A recent review has clearly
stated that the impact of noise on marine turtles has
been neglected (Nelms et al. 2016), and further
research as well as inclusion of these species in miti-
gation policies is urgently requested. Given the
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threatened status of most marine turtle species, it is
particularly critical to improve our current knowl-
edge of marine turtles to further develop conserva-
tion and mitigation guidelines.

5. CONCLUSIONS

This analysis showed that juvenile green sea turtles
were able to produce a diversity of sounds, showing
diverse acoustic structure (from pulses to complex
sounds). The underwater sound production described
in both marine and freshwater turtles clearly suggests
that acoustic communication in aquatic turtles might
be more widespread than thought, and thus further
investigations are needed to assess its role in crucial
biological functions. Future investigations in adult
green sea turtles during the breeding season, devel-
opmental period and during their long migratory
routes are of major interest. Studies on other marine
turtle species showing synchronized behaviors such
as arribadas may also reveal the implication of
acoustic signals in such mass events. In addition, the
study of acoustic communication could contribute to
reducing bycatch by identifying distress and/or alert
sounds of marine turtles and implementing them in
acoustic deterrent devices (pingers) installed on nets.
In light of the potential acoustic communication oc-
curring in these marine species, greater attention to
the impact of human-made noise is crucial for the pro-
tection of these species.

Acknowledgements. This study was funded by DEAL Mar-
tinique (Convention BC1508228730), the ODE Martinique
(Convention 014-03-2015 and 180126). L.J.'s PhD scholar-
ship was supported by DEAL Guyane and CNES Guyane.
We thank Matthew Godfrey and 2 anonymous referees for
their constructive and helpful comments on our manuscript.
This research was conducted with permits 201710-0005
(Prefecture de la Martinique). This study meets French legal
requirements in which the work was carried out and follows
all institutional guidelines. The protocol was approved by
the Conseil National de la Protection de la Nature and the
French Ministry for Ecology, Sustainable Development and
Energy, which acts as an ethics committee in Martinique.
The fieldwork was carried out in strict accordance with the
recommendations of the Police Prefecture of Martinique in
order to minimize the disturbance of animals

LITERATURE CITED

Bartol SM, Ketten DR (2006) Turtle and tuna hearing. In:
Swimmer Y, Brill R (eds). Sea turtle and pelagic fish sen-
sory biology: developing techniques to reduce sea turtle
bycatch in longline fisheries. NOAA Tech Memo NMFS-
PIFSC-7, Honolulu, HI, p 98-103

Bartol SM, Musick JA, Lenhardt ML (1999) Auditory evoked
potentials of the loggerhead sea turtle (Caretta caretta).
Copeia 3:836-840

]\(Baudouin M, de Thoisy B, Chambault P, Berzins R and oth-

ers (2015) Identification of key marine areas for con-
servation based on satellite tracking of post-nesting
migrating green turtles (Chelonia mydas). Biol Conserv
184:36-41

A¢Bonola M, Girondot M, Robin JP, Martin J and others (2019)

Fine scale geographic residence and annual primary
production drive body condition of wild immature green
turtles (Chelonia mydas) in Martinique Island (Lesser
Antilles). Biol Open 8:bio048058

Britton A (2001) Review and classification of call types of
juvenile crocodilians and factors affecting distress calls.
In: Grigg GC, Seebacher F, Franklin CE (eds) Crocodil-
ian biology and evolution. Surrey Beatty & Sons, Chip-
ping Norton, p 364-377

Campbell HW, Evans WE (1972) Observations on the vocal
behavior of chelonians. Herpetologica 28: 277-280

Carr AF (1995) Handbook of turtles. Comstock Publishing
Associates, Ithaca, New York, NY

,"{ Chambault P, Pinaud D, Vantrepotte V, Kelle L and others

(2015) Dispersal and diving adjustments of the green tur-
tle Chelonia mydas in response to dynamic environmen-
tal conditions during post-nesting migration. PLOS ONE
10:e0137340

]\( Chambault P, De Thoisy B, Kelle L, Berzins R and others

(2016) Inter-nesting behavioural adjustments of green
turtles to an estuarine habitat in French Guiana. Mar
Ecol Prog Ser 555:235-248

]\'<Colafrancesco KC, Gridi-Papp M (2016) Vocal sound pro-

duction and acoustic communication in amphibians and
reptiles. In: Suthers R, Fitch W, Fay R, Popper A (eds)
Vertebrate sound production and acoustic communica-
tion. Springer handbook of auditory research, Vol 53.
Springer, Cham, p 51-82

A Colombelli-Négrel D, Hauber ME, Robertson J, Sulloway FJ,

Hoi H, Griggio M, Kleindorfer S (2012) Embryonic learn-
ing of vocal passwords in superb fairy-wrens reveals
intruder cuckoo nestlings. Curr Biol 22:2155-2160

Cook SL, Forrest TG (2005) Sounds produced by nesting
leatherback turtles (Dermochelys coriacea). Herpetol Rev
36:387-390

]ngp MYV, Fournet MEH, Davoren GK (2021) Humpback

whale call repertoire on a northeastern Newfoundland
foraging ground. Mar Mamm Sci 38:256-273

]% Ferrara CR, Vogt RC, Sousa-Lima RS (2013) Turtle vocaliza-

tions as the first evidence of posthatching parental care
in chelonians. J Comp Psychol 127:24-32

AFerrara CR, Mortimer JA, Vogt RC (2014a) First evidence

that hatchlings of Chelonia mydas emit sounds. Copeia
2014:245-247

HFerrara CR, Vogt RC, Harfush MR, Sousa-Lima RS, Albav-

era E, Tavera A (2014b) First evidence of leatherback
turtle (Dermochelys coriacea) embryos and hatchlings
emitting sounds. Chelonian Conserv Biol 13:110-114

]\'{Ferrara CR, Vogt RC, Sousa-Lima RS, Lenz A, Morales-

Mavil JE (2019) Sound communication in embryos and
hatchlings of Lepidochelys kempii. Chelonian Conserv
Biol 18:279-283

Galeotti P, Sacchi R, Fasola M, Ballasina D (2005) Do mount-
ing vocalisations in tortoises have a communication func-
tion? A comparative analysis. Herpetol J 15:61-71

Gans C, Maderson PFA (1973) Sound producing mecha-


https://doi.org/10.1016/j.biocon.2014.12.021
https://dx.doi.org/10.1242/bio.048058
https://doi.org/10.1371/journal.pone.0137340
https://doi.org/10.3354/meps11813
https://doi.org/10.1007/978-3-319-27721-9_3
https://doi.org/10.1016/j.cub.2012.09.025
https://doi.org/10.2744/CCB-1386.1
https://doi.org/10.2744/CCB-1045.1
https://doi.org/10.1643/CE-13-087
https://doi.org/10.1037/a0029656
https://doi.org/10.1111/mms.12859
https://doi.org/10.1111/mms.12859

Charrier et al.: Underwater acoustic production in green sea turtles 41

nisms in recent reptiles: review and comment. Integr
Comp Biol 13:1195-1203
]\( Giles JC, Davis JA, McCauley RD, Kuchling G (2009) Voice
of the turtle: the underwater acoustic repertoire of
the long-necked freshwater turtle, Chelodina oblonga.
J Acoust Soc Am 126:434-443
]\( Greif S, Yovel Y (2019) Using on-board sound recordings to
infer behaviour of free-moving wild animals. J Exp Biol
222:jeb184689
]\{Hildebrand JA (2009) Anthropogenic and natural sources of
ambient noise in the ocean. Mar Ecol Prog Ser 395:5-20
HA'Indeck KL, Girola E, Torterotot M, Noad MJ, Dunlop RA
(2021) Adult female-calf acoustic communication signals
in migrating east Australian humpback whales. Bio-
acoustics 30:341-365
]%Jeantet L, Dell'Amico F, Forin-Wiart MA, Coutant M and
others (2018) Combined use of two supervised learning
algorithms to model sea turtle behaviours from tri-axial
acceleration data. J Exp Biol 221:jeb177378
]\<Jeantet L, Planas-Bielsa V, Benhamou S, Geiger S and oth-
ers (2020) Behavioural inference from signal processing
using animal-borne multi-sensor loggers: a novel solu-
tion to extend the knowledge of sea turtle ecology. R Soc
Open Sci 7:200139
A Lavender AL, Bartol SM, Bartol IK (2014) Ontogenetic
investigation of underwater hearing capabilities in log-
gerhead sea turtles (Caretta caretta) using a dual testing
approach. J Exp Biol 217:2580-2589
]\(Liaw A, Wiener M (2002) Classification and regression
by randomPForest. https://cran.r-project.org/package=
randomForest
Lutcavage ME, Lutz PL (1997) Diving physiology. In: Lutz
PL, Musick JA (eds) The biology of sea turtles. CRC
Press, Boca Raton, FL, p 277-296
Martin KJ, Alessi SC, Gaspard JC, Tucker AD, Bauer GB,
Mann DA (2012) Underwater hearing in the loggerhead
turtle (Caretta caretta): a comparison of behavioral and
auditory evoked potential audiograms. J Exp Biol 215:
3001-3009
Martin M, Gridley T, Elwen S, Charrier I (2021) Extreme
ecological constraints lead to high degree of individual
stereotypy in the vocal repertoire of the Cape fur seal
(Arctocephalus pusillus pusillus). Behav Ecol Sociobiol 7:
1-16
ﬁ<McCauley RD, Fewtrell J, Duncan AJ, Jenner C and others
(2000) Marine seismic surveys —a study of environmen-
tal implications. APPEA J 40:692
]\(McKenna LN, Paladino FV, Tomillo PS, Robinson NJ (2019)
Do sea turtles vocalize to synchronize hatching or nest
emergence? Copeia 107:120-123
]\(Monteiro CC, Carmo HMA, Santos AJB, Corso G, Sousa-
Lima RS (2019) First record of bioacoustic emission in em-
bryos and hatchlings of hawksbill sea turtles (Eret-
mochelys imbricata). Chelonian Conserv Biol 18:273-278
Mrosovsky N (1972) Spectrographs of the sounds of leather-
back turtles. Herpetologica 28:256-258
Musick JA, Limpus CJ (1997) Habitat utilization and migra-
tion in juvenile sea turtles. In: Lutz PL, Musick JA (eds)
The biology of sea turtles. CRC Press, Boca Raton, FL,
p 51-81
ﬁiNelms SE, Piniak WED, Weir CR, Godley BJ (2016) Seismic
surveys and marine turtles: an underestimated global
threat? Biol Conserv 193:49-65

Editorial responsibility: Matthew Godfrey,
Beaufort, North Carolina, USA
Reviewed by: 2 anonymous referees

A‘Niviere M, Chambault P, Pérez T, Etienne D and others
(2018) Identification of marine key areas across the Car-
ibbean to ensure the conservation of the critically endan-
gered hawksbill turtle. Biol Conserv 223:170-180

,"( Papale E, Prakash S, Singh S, Batibasaga A, Buscaino G,
Piovano S (2020) Soundscape of green turtle foraging
habitats in Fiji, South Pacific. PLOS ONE 15:e0236628

Piniak WED (2012) Acoustic ecology of sea turtles: implica-
tions for conservation by acoustic ecology of sea turtles:
implications for conservation. PhD thesis, Duke Univer-
sity, Durham

H‘Piniak WED, Mann DA, Harms CA, Jones TT, Eckert SA
(2016) Hearing in the juvenile green sea turtle (Chelonia
mydas): a comparison of underwater and aerial hearing
using auditory evoked potentials. PLOS ONE 11:
e0159711

Pope CH (1955) The reptile world: a natural history of the
snakes, lizards, turtles, and crocodilians. Knopf, New
York, NY

RStudio Team (2020) RStudio: integrated development for
R. RStudio, Boston, MA. www.rstudio.com (accessed 22
October 2021)

ﬁ'{ Sacchi R, Galeotti P, Fasola M, Gerzeli G (2004) Larynx mor-
phology and sound production in three species of Testu-
dinidae. J Morphol 261:175-183

A Seminoff JA (2004) Chelonia mydas. TUCN Red List of Threat-
ened Species 2004: e T4615A11037468. https://dx.doi.
org/10.2305/IUCN.UK.2004 . RLTS.T4615A11037468.en
(accessed 1 May 2021)

]% Siegwalt F, Benhamou S, Girondot M, Jeantet L and others
(2020) High fidelity of sea turtles to their foraging grounds
revealed by satellite tracking and capture-mark-recap-
ture: new insights for the establishment of key marine
conservation areas. Biol Conserv 250:108742

] Sueur J, Aubin T, Simonis C (2008) Seewave, a free modular
tool for sound analysis and synthesis. Bioacoustics 18:
213-226

A Thiebault A, Charrier I, Pistorius P, Aubin T (2019) At sea
vocal repertoire of a foraging seabird. J Avian Biol 50:

1-14

] Treasure AM, Roquet F, Ansorge 1J, Bester MN and others
(2017) Marine mammals exploring the oceans pole to
pole: a review of the MEOP consortium. Oceanography

(Wash DC) 30:132-138

A{Tyson RB, Piniak WED, Domit C, Mann D, Hall M, Nowacek
DP, Fuentes MMPB (2017) Novel bio-logging tool for
studying fine-scale behaviors of marine turtles in
response to sound. Front Mar Sci 4:219

AVergne AL, Avril A, Martin S, Mathevon N (2007) Parent-
offspring communication in the Nile crocodile Croco-
dylus niloticus: Do newborns' calls show an individual
signature? Naturwissenschaften 94:49-54

,\'{ Viada ST, Hammer RM, Racca R, Hannay D, Thompson MJ,
Balcom BJ, Phillips NW (2008) Review of potential
impacts to sea turtles from underwater explosive
removal of offshore structures. Environ Impact Assess
Rev 28:267-285

A‘Wallace BP, Kot CY, Dimatteo AD, Lee T, Crowder LB, Lewi-
son RL (2013) Impacts of fisheries bycatch on marine tur-
tle populations worldwide: toward conservation and
research priorities. Ecosphere 4:40

Wever EG (1978) The reptile ear. Princeton University Press,
Princeton, NJ

Submitted: May 7, 2021
Accepted: February 9, 2022
Proofs received from author(s): April 15, 2022


https://doi.org/10.1121/1.3148209
https://doi.org/10.1242/jeb.184689
https://doi.org/10.3354/meps08353
https://doi.org/10.1080/09524622.2020.1742204
https://doi.org/10.1242/jeb.177378
https://doi.org/10.1098/rsos.200139
https://doi.org/10.1242/jeb.096651
https://cran.r-project.org/package=randomForest
https://doi.org/10.1071/AJ99048
https://doi.org/10.1643/CE-18-069
https://doi.org/10.2744/CCB-1382.1
https://doi.org/10.1016/j.biocon.2015.10.020
https://doi.org/10.1890/ES12-00388.1
https://doi.org/10.1016/j.eiar.2007.05.010
https://doi.org/10.1007/s00114-006-0156-4
https://doi.org/10.3389/fmars.2017.00219
https://doi.org/10.5670/oceanog.2017.234
https://doi.org/10.1111/jav.02032
https://doi.org/10.1080/09524622.2008.9753600
https://doi.org/10.1016/j.biocon.2020.108742
https://dx.doi.org/10.2305/IUCN.UK.2004.RLTS.T4615A11037468.en
https://doi.org/10.1002/jmor.10236
https://doi.org/10.1371/journal.pone.0159711
https://doi.org/10.1371/journal.pone.0236628
https://doi.org/10.1016/j.biocon.2018.05.002



