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TEXT

During the early morning of November 10™, 2020, we set up three camera stations on the
seafloor of the N’Gouja Marine Protected Area, South-Western part of Mayotte island
(Mozambique channel, Western Indian Ocean) to remotely monitor diversity of reef fishes
and their grazing behavior. Each camera station was made of a 35 cm-high tripod (weighted
by 4kg of dive leads) supporting a watertight enclosure (Bluerobotics, Torrance, CA, USA) in
which two action-camera (“GoPro Hero 5 Black”; San Mateo, CA, USA) fueled by external
10,000 mAh batteries were enclosed in opposite directions. Camera stations were set up at
3m depth on the back part of the fringing reef and were distant from each other by at least

15 m. Each camera recorded high-definition video (1920 x 1080 pixels, 25 frames per
second) with a field-of-view of ca 90° (“Linear” mode of GoPro) from 06:30. Divers left the
surveyed area at 07:13 and no boat or swimmer entered the surveyed area until 11:00 am
when two divers set up three additional camera stations (same tripod but GoPro cameras were
individually enclosed in the manufacturer’s ‘Super Suit” underwater housing without external

battery) from 45 m to 110m apart from the camera stations set earlier in the morning.

At 12:19:39 local time, all members of the survey team felt a strong vibration in the sandy

ground. This turned out to be a magnitude 5.3 earthquake as estimated by the earthquake and
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volcano monitoring network of Mayotte. The earthquake was linked to volcanic activity 50
km East of Mayotte (REVOSIMA-IPGP, 2021). The 12 underwater cameras recorded the
explosion-like sound of the earthquake that lasted ca 7 s and 6 cameras (from 3 tripods)

recorded shaking motion (Villéger et al., 2023).

Videos from these cameras enabled us to observe fish behavior before during and after the
earthquake (Figure 1). We extracted two minutes of video from each camera starting one
minute before the earthquake. For each of these 12 sequences, each fish was tracked across
still frames (one each 0.5 s) as long as it was visible on screen and three behaviors were
noted: fleeing, hiding in a reef anfractuosity, and feeding. We acknowledge that the same
individual could be seen several times on a video while being annotated as two individuals (if
it circles around a camera) or on several videos given the short distance between paired-

cameras.

The proportion of fish fleeing significantly peaked during the earthquake (Kruskal-Wallis test
and post-hoc Dunn test; p < 0.05) (Figure 2). Among the 129 individuals tracked during the
earthquake, 61% fled and 6% hid. Only two individuals (<1%) fled in the 40 s before the
earthquake and none was then looking for a hiding place in the reef. During the 10 s after the
end of the earthquake, 17% of fishes were still fleeing, dropping to less than 5% in the
following 20 s. After 30 s no fish were fleeing and none were hiding. Furthermore, the lined
bristletooth, Ctenochaetus striatus, the most abundant species in the studied ecosystem,
significantly decreased its feeding during the earthquake (K-W test; p-value < 0.05) (Figure
2). A C striatus individual was biting on substrate on average >3 times per 10 s before the

earthquake. This per capita feeding rate dropped to < 1 bite/10 s during the earthquake. Then,
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the feeding rate increased, especially after 20s to >2 bites per fish per 10s. Thus, overall, fish

showed a marked but brief response to the earthquake.

The energy of earthquakes in Mayotte is broadly banded with energy peaks at low
frequencies (5-40 Hz) (Retailleau et al., 2022). The earthquake sound recorded by the GoPro
had peaks in frequencies from 10 to 600Hz for 1 second then peaks only in low frequencies
(<100Hz) for the next 8 seconds (Appendix S1: Figure S1). Hence, as most fishes are able to
detect sounds only between 100 and 1000 Hz (Ladich & Fay, 2013) it is likely they detect
only the early brief peak of sound above 100 Hz. The sound pressure generated by the
earthquake was at least 10 times higher than the ambient sound pressure immediately before
the earthquake (Appendix S1). As coral reefs in good condition have an ambient sound
pressure > 80 dB rel 1uPa (e.g., Bertucci et al., 2016) and as most fishes have a detection
threshold of 90 dB rel 1uPa, it is likely most fishes detected the earthquake. Seismometers
also registered two other earthquakes on the same day, one at 09:14 of magnitude 2.1 and one
at 12:43 of magnitude 2.3. None of these earthquakes was detectable among the ambient reef
noise on the sounds recorded by our cameras and fish did not show any change in behavior at

those exact times.

The Comoros archipelago, including Mayotte, the oldest island of the archipelago, was
formed through volcanism that started 20 million years ago. The last volcanic activity
probably occurred about 4,000 years ago (Zinke et al., 2003) and few earthquakes were
recorded in the area before 2018. Since then, the rise of a submarine volcano on the seafloor
50 km East of Mayotte island (Cesca et al., 2020) has markedly increased seismic activity in
the area, producing hundreds of earthquakes including 35 with magnitude >5 (REVOSIMA -

IPGP 2021). Hence, reef fishes from Mayotte have been subjected to earthquakes for 2 years
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when the studied earthquake occurred which could explain why they quickly recovered
behaviors they were doing prior to the quake after the vibrations ended. The lack of visible
reaction of fishes to the later low magnitude earthquakes suggest fishes may not be able to

detect small foreshocks before large earthquakes (Woith et al., 2018).

Sea habitats contain diverse underwater noises from natural and anthropogenic sources
(Hildebrand 2009). Earthquakes are characterized by low-frequency, medium-intensity and
short durations, especially compared to seismic surveys of seafloor with air-guns that
produced repeated powerful shots (Carroll et al., 2017). Effect of earthquake on fish
behaviors have been very scarcely investigated, the only report being a marked decrease in
the catch of lacustrine cichlids for a week after two earthquakes of magnitude 5.7 and 6.5 in
the deep parts of Lake Malawi in March 1989 (Tweddle & Crossley, 1991). The increasing
use of remote underwater cameras to survey fishes in coastal ecosystems for various purposes
(e.g., assessing species abundance and roles) can serendipitously record fish behavior during
different types of earthquakes (depth, magnitude, distance) and under a variety of
environmental conditions (depth, type of seafloor). For instance, assessing fish reaction to
earthquakes on reefs that experience more frequent magnitude 5 earthquakes, such as in
Indonesia or Japan, will allow testing whether exposition to such high seismic activity
decreases reaction to each earthquake. Remote stereo-camera would even allow recording the
3D trajectory of each individual thus to measure change in swimming speed and direction
within and across species. Acoustic surveys using calibrated hydrophone will further help
unravel which threshold of frequencies and intensity of acoustic signal produced by

earthquakes determine the reaction of each fish species.
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FIGURE CAPTIONS

Figure 1: Still frames of the video recorded by a remote underwater camera on N’Gouja
fringing reef, before (top), during (center) and after (bottom) the magnitude 5.3 earthquake in
Mayotte (10 November 2020, 12:19:39 local time). Images created by Sébastien Villéger,

taken from videos available in Villéger et al. (2023).

Figure 2: Reaction of fishes to earthquake. Left: Proportion of fish that show a fleeing
behavior during 10 s slots before (‘be.”), during (‘Earthg.”) and after (‘af.”) earthquake (left).
Right: Feeding activity of Ctenochaetus striatus measured as number of bites per individual
during 10 s slots before (‘be.’), during (‘Earthg’) and after (‘af.”) earthquake (right).

Size of point is proportional to the number of fish seen during the 10 s slot from each video.



