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South African coelacanths, Latimeria chalumnae, were intensively studied using
submersibles in the Comoros Islands before recent progress in deep-diving techniques
led to the discovery of coelacanths living at shallower depths off Sodwana Bay,
South Africa, which were then studied by divers in close encounters or from underwater
vehicles. However, all previous observations were made under intense human influence,
so the “natural” behaviors of coelacanths have never been observed. Here we sought
to record the natural behaviors of coelacanths by minimizing anthropogenic influences
using trimix-gas diving and remote recording techniques. We thus set fixed camera
and current/temperature recorders at 98 and 113 m to monitor the behaviors of fishes
and oceanographic parameters over a 6-day period. Time-lapse video observations
succeeded to record one coelacanth that entered the cave during the coldest-water
period, two sand tiger sharks, and many other smaller fishes entering a cave. An
extensive analysis of the footage led to an interesting discovery that the first dorsal
fin angle of the coelacanth corelated with the presence-or-absence of a large shark
that frequently passed through the cave. When no shark was present, the coelacanth’s
dorsal fin was folded ~3/4 of the time, but when the shark entered the cave, its dorsal
fin was unfolded > 95% of the time, while no such reactions were observed with other
observed fishes. The erected coelacanth first dorsal fin posture is an important part
of the iconic symbol of these ancient fish, but it may be reflecting stressful situations
such as responses to potential predators. Our observation clearly showed that the
dorsal fin is in a folded position during a steady relaxed state of the fish and it can
be unfolded in response to external stimuli. Use of non-biased observation systems is
strongly recommended when observing the natural behavior of coelacanths.

Keywords: coelacanth, Latimeria chalumnae, dorsal fin, Sodwana Bay, set cameras, trimix-diving, ocean
currents, fish fauna
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INTRODUCTION

Coelacanths were thought to be extinct for 65 million years
after the end of the Cretaceous, until the first discovery of an
extant Latimeria coelacanth was made in 1938 when one was
caught by a fisherman off East London and brought to the
attention of the South African ichthyologist Dr. J.L.B. Smith
who named it Latimeria chalumnae (Smith, 1939). They were
then found to be living in the Comoros Islands, and a few
were found in by-catches of commercial fisheries off eastern
Africa in Tanzania and Kenya and along southwest Madagascar
(Figure 1). The first encounter with a live African coelacanth
was made by Millot (1954) who observed a dying individual
exhibiting feeble movements, but many live individuals were
later observed from submersibles. The discovery of these ancient
fish generated interest around the world that created a demand
for specimens for museums, scientists, or private collectors,
which then became a conservation concern for the species
(Bruton and Stobbs, 1991).

In the late 1980%, live coelacanths were filmed from a
submersible in the Comoros Islands and the images of swimming
coelacanths were a remarkable discovery (Fricke et al., 1987).
The coelacanths living in the Comoros Islands were studied
using submersibles and remote operated vehicles (ROV) between
1986 and 2009, which enabled knowledge to be acquired about
various aspects of the population of about 300-400 individuals
(distinguished by spot patterns) who reside in caves mostly
between 150 and 250 m during the day, but they dive as deep
as 600 m for feeding at night (Fricke et al., 1991, 2011; Fricke
and Hissmann, 2000). More than a decade after the research
began in the Comoros Islands, a few living coelacanths were
seen in Jesser Canyon in Sodwana Bay, South Africa in October—
November 2000 at 104-108 m in their natural environment, by
Venter et al. (2000) who used specialized Trimix gas deep-diving
scuba equipment. The encounter marked the first direct contact
between wild coelacanths and humans. After making the initial

discovery, Venter et al. (2000) made more dives that increased the
number of individuals observed in various areas of Jesser Canyon.

The next stage of exploration of the coelacanths in the canyons
off Sodwana Bay was when the submersible Yago made 47
dives during 2002, 2003, and 2004 and observed 21 different
individual coelacanths at 16 different locations at depths of
96-144 m (Hissmann et al., 2006). The submersible survey
showed the presence of multiple individuals in several submarine
canyons off Sodwana Bay (Supplementary Figure 1). They were
also found to be moving between Jesser and Wright canyons
(Hissmann et al., 2006; Roberts et al., 2006). Subsequent diving
surveys by Décamps et al. (2017) were also conducted during
2010 and 2013 to study the kinematics of fin movements in
coelacanths off Sodwana Bay. An ROV survey of Jesser Canyon
and other areas to the north and south was also conducted in
April-May 2013 (Sink, 2013; Geldenhuys, 2015). Up to 2019,
32 individuals were recognized from the canyons in this area
using the unique patterns of white body spots on the sides of
their bodies (Cooke et al., 2021), and these coelacanths form a
genetically different population than the Comoros and Tanzania
populations (Nikaido et al., 2011; Lampert et al., 2012). Recently,
an encounter with a coelacanth at a shallower (67.3 m) rocky
reef was reported along the South Coast of KwaZulu-Natal, about
half way between East London and Sodwana Bay (Figure 1 and
Supplementary Figure 2; Fraser et al., 2020). Most recently,
various aspects about the coelacanth population off southwest
Madagascar were overviewed by Cooke et al. (2021).

While surveys and other types of research were ongoing
to study the western Indian Ocean species, L. chalumnae, the
second extant species of coelacanth, the Indonesian coelacanth,
Latimeria menadoensis, was caught in 1997 near Manado of
northern Sulawesi Island, Indonesia (Erdmann et al., 1998).
Erdmann et al. (1999) photographed the swimming posture of a
L. menadoensis that was caught as by-catch of local fisherman,
but was still alive. The Indonesian coelacanth was genetically
determined to be a separate species with at least 2 genetically
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FIGURE 1 | Bathymetric map of the western Indian Ocean region showing the areas where living coelacanths, Latimeria chalumnae, have been observed by divers
or underwater vehicles or caught by fishermen (red circles), the East London area where the species was first discovered in 1938 (yellow square), the most recent
new area where divers observed a coelacanth (shown in Supplementary Figure 2) off the South Coast of KwaZulu-Natal 2019 (yellow star), and the inset shows a
3-D bathymetric depiction of the system of canyons that are located off the coast of Sodwana Bay in the northern area of iSimangaliso Wetland National Park in
eastern South Africa. The present study was conducted June—July 2018 at the upper end of the southern branch of Jesser Canyon in the inset (blue square), which
was redrawn from Ramsay and Miller (2006). The bathymetric map of the western Indian Ocean region was obtained from the NOAA National Centers for
Environmental Information [NCEI; ETOPO1 Global Relief | NCEI (noaa.gov)], with color showing depth (dark blue showing deep and light blue shallow-depths). The
areas where coelacanths have been found all have a narrow zone of continental shelf and steep slopes to deep depths.
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separate populations (Holder et al., 1999; Fricke et al., 2000;
Kadarusman et al., 2020), and the Indonesian and East African
species appear to have diverged about 30-40 million years
ago (Inoue et al., 2005). ROV and submersible surveys were
conducted to learn about the newly discovered Indonesian
species, which seemed generally similar in its behavior and
habitat use characteristics (Iwata et al., 2019a) compared to the
Indian Ocean species.

What all the types of observations of the two coelacanth
species had in common was that they were made using invasive
techniques that include the influences of human factors such
as lights (Décamps et al., 2017), noise caused by submersibles,
or the presence of large ROVs, which prevented the natural
behaviors of coelacanths from being recorded. Another thing
the observations had in common, was that almost all of the
images of coelacanths obtained from research surveys and other
sources showed the fish with their first dorsal fins fully unfolded
(e.g., Supplementary Figures 1, 2). The distinctly erect, unfolded
dorsal fin of coelacanths has become an iconic symbol of
these ancient “living fossils,” as they have been referred to, but
the behavioral significance of the erect dorsal fin has received
little attention.

The objectives of our study were to test the hypothesis that
previously recorded coelacanth behavior in their resting caves is
strongly influenced by human observers, by using a new method

of fixed camera deployments, and to determine if their use of the
caves at the upper extent of their vertical distribution of habitat-
use is influenced by oceanographic conditions such as water
temperature and current velocity. Additionally, we aimed to learn
about the natural interactions between coelacanths and the other
fish species that live in and around the caves used by coelacanths.

Here we report the results of a first observation of a live
coelacanth that was made in the absence of the bias of divers
or underwater vehicles that includes ecologically relevant video
imagery that was recorded using a fixed underwater camera
placed within the natural habitats of L. chalumnae in the southern
branch of upper Jesser Canyon off Sodwana Bay (Figure 1).
The coelacanth that was recorded was a known individual
(Supplementary Figure 3), so it was observed within its normal
home range. Our study focuses on the unique observation that
this coelacanth was resting during daytime within its normal
home range environment and it frequently had its first dorsal
fin in a folded position. But when a shark entered the cave,
its dorsal fin became unfolded. An analysis of published or
other video recordings found that those images predominantly
show coelacanths with unfolded dorsal fins, which seems to
indicate that the famous shape of the coelacanth in science,
popular culture, and art with an erect unfolded dorsal fin
(Fricke, 1997) is actually a behavioral response to potentially
threatening external stimuli. We also conducted a survey of
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the fishes living around the coelacanth habitats and recorded
data to understand the oceanographic conditions of the habitat
to contribute to understanding the ecology of coelacanths in
order to obtain information related to their conservation and
environmental protection.

MATERIALS AND METHODS

The survey was conducted near the iSimangaliso Wetland
National Park (32°40°44”25E, 27°3223”S) in South Africa, at a
location 4 km off the coast of Sodwana Bay. The dive site was
located at the southern side of the upper end of the submarine
valley referred to as Jesser Canyon at depths of about 95-130 m
deep (Figure 1) in the area where this population of coelacanths
was first discovered and then studied (Venter et al., 2000;
Hissmann et al., 2006). The various aspects of the survey were
carried out between 23 June and 11 July 2018. Jesser Canyon is
the southernmost of a series of canyons in that area (Ramsay and
Miller, 20065 Sink et al., 2006) as shown in the inset of Figure 1.
The canyons have been surveyed for coelacanths (Hissmann et al.,
2006; Sink, 2013), other fishes and biodiversity (Heemstra et al.,
2006a; Sink et al., 2006; Geldenhuys, 2015), or for their geological
structure (Ramsay and Miller, 2006) and oceanography (Roberts
et al., 2006). Jesser Canyon has octocorals and black corals as
the dominant invertebrates, and gorgonians, antipatharian black
corals, bryozoans and various types of sponges are also present
(Sink et al., 2006).

Our study was designed around using highly technical deep-
diving SCUBA techniques (Figures 2B,C) that allowed us to
reach the upper depth ranges used by coelacanths in the area. All
divers used trimix gas mixtures (Lang and Smith, 2006; Coenen
and Zivkovic, 2015), which have been used in other scientific
surveys (e.g., Wagner et al., 2013). Trimix gas was prepared that
allowed the divers to reach a maximum water depth of 140 m,
and the gases that adapt to each water depth were used. Two
researchers used rebreather systems (Pollock et al., 2016) with
no exhaust (Figures 2B,C) in consideration of the influence of
noise on coelacanths. The rebreathers used were Sentinel (VMS,
Vobster Marine Systems, United Kingdom) and Inspiration (AP
Diving, United Kingdom) systems. Support divers used the open
circuit SCUBA method. Two Zodiac (6.4 m) boats were used for
transportation from the beach to the site.

Several test dives and initial dive surveys were made to
observe the fish fauna of the area, which were conducted by two
researchers (each day 23-27 June 2018), two assistant divers, and
six divers who supported decompression at the time of surfacing.
Dives continued to be conducted to check for coelacanths,
observe the fish fauna, and deploy and retrieve set-cameras
and the oceanographic meters (1, 4, 6, 7, 9 10, 11 July). These
observations were made to search for coelacanths and document
the other fish species that use the same habitats as the coelacanths.
The fish fauna around the upper part of Jesser Canyon was
recorded by the divers using cameras and the observed species
were compared with the list of fish species recorded by Heemstra
et al. (2006a); but also see Geldenhuys (2015) who examined the
fishes from a wider set of areas in the region. Some cameras were

Side
Camera Ar

O
O

113 m
Current/Temp
Meter Area

CameraArea

FIGURE 2 | Photographs of the cave overhang area (A) where current meters
and temperature recorders (B) were set at 98 and 133 m, and camera
systems (C) were placed in front and to the side (also see Supplementary
Figures 4, 5A,B) of the opening of the cavern. The cameras and meters were
set on the bottom by divers using a tri-mix gas system (B,C). The camera in
(C) is shown with its light on, but for the observation period that camera was
set to have its light off. North is approximately in the right direction in (A).

set in preliminary locations (1-4 July 2018), but their recordings
are not used in the present study. We mainly focus on reporting
additional species that we identified that were not listed by
Heemstra et al. (2006a), and some species seen in the u-shaped
cave that was occupied by the coelacanth near the end of the study
are also mentioned.

The next stage of the survey was to set a fixed camera in
a u-shaped cave and to deploy oceanographic measurement
devices near the cave (Figure 2 and Supplementary Figures 4, 5).
The study cave (or large cavity under a rock overhang) and
oceanographic conditions observation period was set to be 4-12
July 2018, but it was stopped short by 1 day due to the occurrence
of rough weather. The video recording was performed in time-
lapse mode to conserve battery power and disc storage space at an
interval of 5 s using two SonyX 3000 video cameras (Sony Corp.,
Japan) equipped with water-proof pressure-resistant housings
(Aqua Pazza, Nagoya, Japan), that were set at the water depth of
113 m near the entrance of the cave. Depth was estimated from
a dive computer during the setting of the equipment at 13:00
on 4 July, and no adjustment was made for the effect of tide.
An RG-Blue System 02 LED light (AOI RGBlue, Tokyo, Japan),
with an illuminance of about 17 Ix was used when the camera
set on the south side of the cave was recording (Supplementary
Figures 5A,B), but only natural light was used for the camera
in front of the cave. The battery of the side-view camera with a
light died before 11 July, so the coelacanth was only recorded by
the front camera.
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To record the current direction, velocity, and water
temperature, oceanographic recording meters (JFE Advantec,
Nishinomiya, Japan) were set at 98 m on the shelf above the
cave and at 113 m in front of the cave along the drop-off of the
submarine canyon (Figure 2). During the oceanographic and
cave observation period from 13:00 on 4 July to 13:00 on 11 July,
current velocity, current direction, and water temperature were
recorded by each meter every 15 s.

From the obtained images of the coelacanth, the state of
spreading and folding of the first dorsal fin (DF) were analyzed
to calculate the amount of time the DF was folded or spread. The
angle of the DF was determined as the angle formed by a line from
the base of the first dorsal spine to the tip of the spine and another
line from the base to the tip of the last dorsal spine (Figure 3).
Judgment criteria for the spread and folded states of the DF were
that spread was more than half to a fully spread state (Figure 3C),
and folded was less than half of the fully folded state (Figure 3A).
In addition, when the consecutive images showed a transition
from the state half spread to fully spread, the time between images
was considered to be a spread state, and conversely the state from
folded to half folded was considered to be folded (Figure 3).
Based on the above, the amount of time the DF was spread or
folded was defined as one operation from the folded state to the
spread state, or from the spread state to the folded state.

FIGURE 3 | Images of dorsal fin angle of the coelacanth, Latimeria
chalumnae, that was recorded in a cave at the upper end of Jesser Canyon
off of Sodwana Bay on 11 July 2018 showing the dorsal fin folded when there
was no shark present (A), partly unfolded (B), and fully unfolded when a shark
was present (C).

RESULTS

Video Recording of the Coelacanth

A coelacanth entered the cave on the morning of 11 July
2018 and could subsequently be clearly identified as being the
frequently seen individual known as Individual no. 14 that was
named “Noah” (Supplementary Figure 3). It had been previously
observed 4 times in April 2003 during the submersible survey of
Hissmann et al. (2006) in both Jesser and Wright canyons that
are separated by about 4 km. The emergence of the coelacanth
swimming into the cave in Jesser Canyon was recorded at 08:44
by the camera placed near the cave entrance and the fish left the
cave at 09:13. Total appearance duration of the coelacanth was
29 min 20 s (1760 s) (Table 1).

The behavior of the coelacanth was captured clearly because it
moved directly in front of the camera and remained there for the
duration of the observation as seen in Supplementary Video. It
entered the cave from the front-left side of the camera and then
moved to a location in front of the inner wall under the rock
overhang, but it did not go deeper into the cave. The coelacanth
remained in the same area for about 5 min before a large sand
tiger shark, Carcharias taurus (see Supplementary Materials),
was seen along the southern edge of the cave. Without a frame
of reference to use, the size of the coelacanth and shark was
difficult to estimate; but the shark appeared to be about 2 m or
less in length, and the coelacanth was substantially smaller than
the shark. That species is a common littoral shark found from
the surf zone and shallow bays to at least 191 m along the outer
continental shelf (2.3 m maximum size'; accessed 2 May 2021).

The shark first came close to the coelacanth after moving from
the deeper part of the cave on the north side (Figure 4A) and
then swam back around and entered the cave from the south
side and passed by the coelacanth (Figure 4B) as shown in more
detail in Supplementary Figure 6 and the Supplementary Video.
The shark was present in the cave for all but 11.5 min of the
time the coelacanth was present, and the shark swam past the
coelacanth in front, behind and to the side about 25 times at
various distances away. The general types of swimming routes
used by the shark that appeared to be patrolling the cave are
shown in Figure 5. It came quite close a few times, and in a
few cases, it may have caused the coelacanth to calmly change
its position. Because of the time-lapse nature of the recordings,
it is unclear if direct encroachment of the shark actually caused
the coelacanth to leave the cave or not at the end of their time
together in the cave (09:13). The shark remained in or around
the cave until 09:47 and then returned at 11:08, and was last
seen in the cave at 11:27. A second shark briefly entered the cave
at the same time as the other shark for about 1 min at 09:00
(Supplementary Figures 7A,B), but a dark marking on the right
side of the body near the second dorsal fin of the shark that was
frequently seen (this species has individual markings; Bansemer
and Bennett, 2008), indicated that it was probably just the one
shark that frequently moved through the cave.

For the entire 1760 s observation period of the coelacanth, the
DF was spread 63.6% and was folded 31.3% of the time, with 5.1%

'https://www.fishbase.se/summary/747
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TABLE 1 | The amount of time that the first dorsal fin (DF) of a coelacanth, Latimeria chalumnae, was in the folded or spread states during the observations made in the

cave at the top of Jesser Canyon in relation to presence or absence of a shark.

Condition Duration (s) DF folded (s) DF spread (s) Uncertain duration (s) Folded Spread Uncertain
Coelacanth present 1760 550 1120 90 31.3% 63.6% 5.1%
Shark present 1065 120 910 35 4.4% 95.5% 3.3%
Shark absent 695 430 210 55 74.4% 25.6% 7.9%

FIGURE 4 | Photographs of the coelacanth in the cave with its first dorsal fin
unfolded (yellow arrow) when a shark (white arrow) was present and likely
visible to the coelacanth (A,B).

of the time being uncertain (Table 1). The largest unfolded angle
obtained was 60° (Figure 3C), and the smallest folded state was 6°
(Figure 3A). With its DF folded, the appearance of the coelacanth
looks quite different than the classic image of those iconic ancient
fishes (Figure 6). There was a clear difference in the DF posture
with the shark present (DF spread 95.5% of time) and absent (DF
folded 74.4% of time). The video recording suggested that the
posture of the DF changed frequently as the shark approached.

Oceanographic Conditions of the Site
The observations from 4 to 11 July 2018 (192 h and 43 min)
at 98 and 113 m depths resulted in 40,498 data records for
each recorded parameter of water velocity, current direction, and
water temperature. The average combined current direction at 98
and 113 m depths was 208.7° (~SSW), and the average (£ S.D.)
current direction at 98 m was 153.9 £ 100.6° and that at 113 m
was 208.7 &= 126.5°. This indicates there was generally southward
flow, but there was some flow from the shelf above the cave
and some into the cave from deeper water. The large S.D. values
indicated frequent fluctuations in the current direction occurred.
The average water velocities above the cave (0.32 4= 0.39 km/h;
or 8.9 cm/s was higher thanat 113 m (0.11 = 0.09 km/h; 3.0 cm/s),
with many fluctuations (Figure 7B). The current velocity was
usually relatively slow, but frequently increased briefly and
sometimes spiked to very high values at 98 m, particularly in the
first 4 days. The current velocity at 98 m ranged from 0.001 km/h

Approximate Extent of the Cave Overhang
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FIGURE 5 | Estimated examples of the paths of the swimming tracks of the
shark that repeatedly swam through the cave while the coelacanth was
present that are shown superimposed over a photograph looking down at the
rock overhang that forms the cave, with the approximate extent of the cave
also shown.

to 2.38 km/h (1.29 kt.; 66.1 cm/s) and from 0.0 km/h to 2.29 km/h
(1.24 kt.; 63.6 cm/s) at 113 m.

The water temperatures also continuously fluctuated across
about a 2-5°C range, with the minimum temperatures at both
depths increasing from 18°C to 20-21°C after 2-3 days, and
then both minimum and maximum temperatures decreased
until the end of observations (Figure 7A). The maximum water
temperature at 98 m was 23.5°C, the minimum value was 16.8°C,
and the average was 20.8 & 1.7°C. The maximum value at 113
m was 23.1°C, the minimum was 16.6°C, and the average was
19.7 £ 1.5°C. As can be seen in Figure 7A, the daily fluctuations
appeared to be reflecting the tidal rhythm.

During the coelacanth appearance at the cave on the morning
of 11 July, the average current direction at both depths was
154.6 + 65.1°. The average current velocity while Noah was
present was 0.16 £ 0.11 km/h (4.4 cm/s), which was about
half of the mean for the 7 days of observations. At 113 m, the
average current direction was 117.8 £ 62.8°, and the values
varied slightly eastward from the mean relative to the 7 days of
observations. The average current velocity of 0.11 £ 0.05 km/h
and water temperature of 18.7 &= 0.1°C while the coelacanth was
present were almost the lowest values throughout the observation
period. The new moon (13 July) was only 2 days after the
coelacanth was observed.

Fish Fauna Observed in the Study Area

The divers observed a variety of fish species in the upper
south-side of the Jesser Canyon study area. Our survey was
not intended to be an extensive survey of the fish fauna due
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FIGURE 6 | Photographs of the coelacanth in the cave with its first dorsal fin
folded when there were no sharks or other predatory fishes nearby, which
appear to represent the resting state of the fish (A,B).
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FIGURE 7 | Daily fluctuations of water temperature (A) and current speed (B)
that were recorded by the temperature and current meters at a location just
above the cave (98 m) at the upper end of Jesser Canyon and to the side of
the cave at 113 m during early July 2018.

to the limitations on the amount of time that can be spent at
the depths where coelacanths live and the limitations of making
clear identifications from photographs or videos. However,

we compared our observed species to those of Heemstra
et al. (2006a) and also the less extensive list of Sink et al.
(2006), and we may have observed more than 10 previously
unreported species or taxa found below 60 m around the canyon
(Supplementary Materials).

The diversity of fishes present at depths in and around the
cave where the coelacanth was seen, included mobile species,
small schooling species, and those that use the caves for resting
or possibly feeding areas. Some of these fishes were recorded by
the set cameras and this showed the species composition and
behaviors of the fishes that use the same caves as the coelacanths
(Figures 8, 9). A recently described species of fusiler, Caesio
xanthalytos (Caesionidae) (Holleman et al., 2013) appears to
be the type of small schooling fishes that frequently appeared
in front of the coelacanth (Figures 8A,D and Supplementary
Video), which was not reported previously. When the coelacanth
was in the cave, in addition to sharks, a grouper and schools
of a small apogonid cardinal fish species and the fusilers were
present, and fish frequently resided near the south side of the cave
(Supplementary Figure 7). The variety of species present and the
small fishes appearing in front of the coelacanth at times, can also
be seen in the Supplementary Video, but the coelacanth did not
appear to interact with any of these fishes, and they did not seem
to react to its presence in the cave.

The same types of fishes were present when the coelacanth was
not in the cave, and various fish appeared and disappeared over
time (Figure 8). Some species such as groupers (Figures 8B,C,G)
or fishes residing deeper in the cave (Figure 8H) or living on
the ceiling of the cave (Figure 9), may reside there for long
periods of time. A hermit crab in its shell was observed moving
on the bottom of the cave, making tracks in the sand, and it
attracted the attention of 2 species of fish (Figures 8B,F). A sparid
was observed brushing its body on the sand (Figure 8I), so
the set camera in front of the cave recorded the interactions
and natural behavioral ecology of fishes and invertebrates
in the cave off Sodwana Bay in the absence of humans
for the first time.

DISCUSSION
Interactions With the Large Shark

The 29 min that the coelacanth was in the cave mostly overlapped
with the presence of a large sand tiger shark, Carcharias taurus,
that continuously returned back to swim past the coelacanth.
The coelacanth likely came to rest in the cave during the day,
which is thought to be their typical daytime behavior (Fricke
and Hissmann, 2000; Hissmann et al., 2006; Uken and Green,
20065 Fricke et al., 2011). Coelacanths are drift feeders that may
feed at night in a vertical body position (Uyeno and Tsutsumi,
1991; Fricke and Hissmann, 2000), but they return to caves
during the day. It does not appear that the coelacanth was very
disturbed by the shark that passed by it about 25 times, because
none of the movements of either fish appeared to be agonistic,
but the changes in the coelacanth’s dorsal fin posture showed
it was clearly aware of the presence or absence of the shark as
discussed below.
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FIGURE 8 | Photographs of fishes that were in the cave when no coelacanth was present, showing what appears to be a species of jobfish (Aphareus sp.,
snappers, Lutjanidae) near the ceiling (A) above a school of fusilers, Caesio xanthalytos (Caesionidae) that have a yellowish lateral stripe that are shown in (D), 3
yellowtail blue snappers, Paracaesio xanthura, near the ceiling with a grouper farther back in the cave, and a species of hogfish with a black tail (Bodianus sp.;
Labridae) in front looking at a hermit crab in a shell on the bottom (B), many small cardinal fish (possibly Ostorhinchus neotes) with a grouper near the ceiling (C), a
santer seabream, Cheimerius nufar (Sparidae) (E), what appears to be a species of sandperch, Parapercis (Pinguipedidae) that was curious about the hermit crab
(F), a P. xanthura (upper left) and 3 groupers (G), 2 shoulderbar soldierfish, Myripristis kuntee in the midwater of the cave (H), and a sparid cleaning its body by

brushing against the bottom sand (l).

The shark may have been foraging for other species, and
frequently went in and out of the cave, while at least one other
shark was briefly present in the cave. The shark swam through
the location regardless of the presence coelacanth, but although
it did not show any obvious aggressive behavior, there is a
possibility that the shark might have ended up contributing to the
coelacanth leaving the cave at the end of the video observation
(Supplementary Video). However, the shark made no obvious
type of agonistic display and its pectoral fins were horizontally
flat and not depressed (Figure 4B), which is one type of agonistic
display in some sharks (Martin, 2007).

Sand tiger sharks are present in several specific regions
worldwide, and their behaviors have been studied in some
locations (e.g., Haulsee et al., 2016; Coleman and Burge, 2021).
They are present along the southern and eastern parts of Africa up
to about 15°S, so they overlap with L. chalumnae; and they have
a stable population where coelacanths are present off Sodwana
Bay (Dicken et al., 2007; Klein et al., 2020). The sand tiger shark
diet off eastern South Africa was found to include a wide range
of species, and some prey sizes were a meter or more, but these
sharks may be unlikely to feed on coelacanths (Smale, 2005). In
addition, the gut contents of coelacanths suggest (Uyeno and
Tsutsumi, 1991; Fricke and Hissmann, 2000) that these sharks
may not be direct competitors with coelacanths for prey (Uyeno
and Tsutsumi, 1991; Fricke and Hissmann, 2000). Coelacanths
may detect prey using an electroreception sense (Berquist et al,,
2015) or olfaction (Picone et al., 2014).

Although no direct behavioral interactions between sharks
and coelacanths have been recorded in previous observations,
a small cat shark, Cephaloscyllium sufflans, was found in a
coelacanth stomach (Uyeno and Tsutsumi, 1991). Predation on
coelacanths by larger predatory fishes was not observed during
the 18-year observation period of Fricke et al. (2011) in the
Comoros. Similarly, no interaction between sharks or other fishes
and coelacanths, were reported, even after extensive submersible
surveys in Sodwana Bay (Hissmann et al., 2006). Therefore, our
observations of the interactions between a coelacanth and a large
shark, appear to be unique.

Spreading and Folding of the Coelacanth

First Dorsal Fin

The observations of Hissmann et al. (2006) suggested that
coelacanths may be less affected by the presence of the
submersible than some other species, and they were sometimes
observed to have the DF in a folded position while showing no
unusual breathing patterns; but when humans or underwater
vehicles were present, coelacanths typically had their dorsal
fin unfolded, which may be a form of “lateral display” with
some motivational meaning (Hissmann et al., 2006). Although
no further annotations of this behavior were provided in the
previous studies, our observations made in the least stressful
conditions compared to former studies strongly suggested that it
is associated with natural defensive behaviors. We observed that
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FIGURE 9 | Photographs of the cave where the coelacanth was video recorded as seen when divers were approaching to retrieve the cameras and oceanographic
meters showing a grouper, Epinephelus sp. hiding near the ceiling of the rock overhang and small red fish resting on the ceiling on the left side (A), groupers near the
ceiling (B), and a close-up image of the small orange and red colored fishes that reside on the surface of the underside of the cave, along with various invertebrates
attached to the cave ceiling (C).

FIGURE 10 | Photographs of the dorsal fin (DF) positions of Pacific bluefin tuna, Thunnus orientalis, showing the DF unfolded (2 top fish) for hydrodynamics while
turning, and folded in the lower fish (A), a bignose unicornfish, Naso viamingii, unfolding its DF while be cleaned by a cleaner fish (B), a lined dartgoby, Ptereleotris
grammica, unfolding its DF when frightened or threatened probably because of the camera flash (C) and then with its DF completely folded (F), the unfolded DF of 2
fighting sabretooth blenny, Petroscirtes xestus (D), a male pink basslet, Pseudanthias hypselosoma, unfolding its DF during courtship with a female (E), a
pink-speckled shrimp goby, Cryptocentrus leptocephalus, with an unfold DF while wary of a three-striped whiptail, Pentaposus caines, whose DF is folded (G), an
unfolded DF in a goby, Lubricogobius sp., whose own burrow has been occupied by a coconut octopus, Amphioctopus marginatus (H), and two different species of
wrasses (blueside wrasse, Cirrhilabrus cyanopleura, upper; pink flasher, Paracheilinus carpentri, lower) that both have their DF unfolded while threatening each

other (I).
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TABLE 2 | The state of the angle of the first dorsal fins of coelacanths of Latimeria chalumnae (L. c.; East Africa region) and L. menadoensis (L. m.; Indonesia) in some
selected reports or sources listing the number of angle measurements and the mean angles.

Author Source of images Observation method Fin angle (min-max) Mean Species
Fricke et al. (1991) Paper Submersible 84°,n=1 — L.c.
Ballesta (2014) Book Camera and flash 56-80°, n = 28, 68.8° L.c.
L. Ballesta Homepage Camera with flash 51-67°,n=7 60.3° L.c.
R. Pyle YouTube? Camera and flash 59-68°,n=3 65° L.c
H. Fricke His blog Submersible 42-74°,n=3 59° L.c.
Hissmann et al. (2006) Paper Submersible 47-62°,n=5 53° L.c.
lwata et al. Agquamarine homepage ROV 51-72°,n=5 64° L.m.
Iwatta et al. Aguamarine homepage ROV 8°,n=1 — L.m.
P. Tim, E. Marshal TRITON Dive Lodge Homepage Camera with flash 43-65°,n =6 55° L.c.
S. J. Raredon, M. Erdmann Smithsonian institution Commercial catch 16°, 52° 34° L.m.
Planet Earth Grzimel’s animal life encyclopedia, YouTube Camera and flash 34°,n=1 — L.c.
L. Ballesta YouTube Camera and flash 61°,n=1 — L.m.
H. Fricke YouTube Submersible 75°,n=1 — L.c.
National Geo. WebPageP Camera and flash 72°,n=1 — L.m.

Online resources were accessed between 2015 and 2019, and two presently active links are provided.
aYouTube (https.//www.youtube.com/watch?v=Z_ThemgWNIE; accessed 2 May 2021).
bAlso see: YouTube (https://www.youtube.com/watch?v=4jl_txxYQEA; accessed 6 June 2021).

the DF was transiently unfolded as a shark approached, but it
became folded shortly after the shark left the cave. However, the
presence of anthropogenic stress in the previous studies may have
induced constant stress, causing the coelacanths to unfold their
DF continuously.

Endo et al. (2012) studied the morphology of the first and
second dorsal fins and concluded the first dorsal fin acts as
a stabilizer and the second acts as a thruster during slow
locomotion. But the present study suggests the first dorsal fin
may also play an important role as a protection or defense
posture. Dorsal fin spines appear to have evolved as an anti-
predator mechanism, which along with overall body depth,
affect the gape-limitations of some predators (Price et al., 2015).
Therefore, by spreading their DF, which has 8 spinous fin rays,
coelacanths would appear larger to a potential predator. Thus,
the observation that the DF was unfolded 95.5% of the time
with the shark present seems to indicate that the unfolded
posture represents a stressed condition, and might be an anti-
predator response that makes the coelacanth look larger or
difficult to prey on. Unfolding the dorsal fin of ray-finned fishes
has many functions however, such as in agonistic encounters
or courtship (Garita-Alvarado et al., 2018), inviting cleaner fish,
or in hydrodynamics (Lauder and Drucker, 2004), as illustrated
by Figure 10. Except for those types of situations, usually the
first dorsal or spinous dorsal is folded in ray-finned fishes. In
other fishes such as sharks, their dorsal fin position is fixed, but
the positions of their pectoral fins or body postures are used
to express behavioral intentions (Martin, 2007). Interestingly,
although their body forms have changed somewhat, the DF of
coelacanths has not changed much at all across their 400-million-
year history, while other animal lineages have greatly changed,
including diverse fish species radiations and the occurrence
of many types of fins in fishes (Casane and Laurenti, 2013;
Cavin and Guinot, 2014; Larouche et al., 2017; Torifoa et al,,
2021).

In most of the photographs and videos so far reported, the first
dorsal fin of coelacanths was in a fully spread state (Table 2),
which suggests that the targeted individuals were exposed to
stress from submersible and ROV noises, lights for filming, or
the general presence of the underwater vehicles or divers. One
example of very wide DF spreading (70°) is seen in the very
close-up image of a juvenile coelacanth, Latimeria menadoensis
(Supplementary Figure 8), that was video recorded by an ROV
in a crevice in Indonesia (Iwata et al, 2019b). All of these
observation tools seem to be acting as un-natural or unpleasant
biases for the fish being observed. Although underwater vehicles
are clearly useful tools for observations of coelacanths to detect
their basic swimming style, habitat use, abundance, and the
sizes of the fish (Fricke et al., 1987; Fricke and Hissmann,
2000; Hissmann et al., 2006), and for making many types of
biological observations (Sward et al., 2019), it must be taken into
consideration that any invasive observation method will affect the
behavior of the fish being observed.

Coelacanth Activity and Oceanographic

Factors

The coelacanth entered the area in front of the camera at 08:44
in the morning on 11 July, after not being seen there for the
previous 6 days. Both types of oceanographic conditions had
fluctuated greatly each day, and the water temperature had
been decreasing for several days before the coelacanth entered
the cave. The timing of entry into the cave about 2 h after
sunrise (sunrise: 06:39), indicates that the coelacanth was active
even when some light would be present at that depth, but its
appearance at that time may still be part of its diurnal vertical
movement from deeper depths at night. The lack of movement
deeper into the cave, suggests the possibility that observations
of coelacanths hiding in inner recesses of caves could be a
result of them moving deeper into caves to avoid observers or
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underwater vehicles that were detected in advance by their low-
light adapted eyes (Yokohama, 2000) or by their lateral line
system (Hensel and Balon, 2001).

The oceanographic data recorded at 98 and 113 m near
the cave where the coelacanth was observed showed that
temperatures would reach 22-23°C and then drop down to
17-19°C each day, but by the last day of observations when
the coelacanth was seen, the temperatures were only ranging
between about 17-21°C (mostly 17-19°C). The daily fluctuations
of water temperatures at both depths that are probably a result
of upwelling of cooler water during the tidal cycle have been
reported previously, but they only appear to occur between
depths of 85-120 m (Roberts et al., 2006). Changes in the
temperatures at relatively shallow depths might affect the upper
depths occupied by coelacanths, because one was seen by divers
at the 54 m shelf-edge on 15 February 2004 when the temperature
was 17-19°C during an upwelling event, which is similar to the
temperatures of 15-22°C typically observed at depths of 100-140
m (Roberts et al., 2006).

In fact, almost all of the 26 different submersible observations
of coelacanths in Jesser Canyon and other areas off Sodwana
Bay at depths of 96-144 m, recorded the fish at temperatures
of 16-19°C (Hissmann et al., 2006). This appears to indicate
that the water temperatures in the cave we observed were
too high for coelacanths to be present for most of each day
for the first 5 days. Coelacanths live deeper in the Comoros
Islands (Fricke and Hissmann, 2000), probably because of the
warmer waters in that lower latitude region; but Hissmann
et al. (2000) found that acoustically tagged Comoros coelacanths
spent 75% of their time at 15-19°C temperatures, so the 2
populations appear to have similar temperature preferences,
despite utilizing different but overlapping depth ranges. This
specific temperature range may be related to metabolism and
oxygen requirement physiology, with their observed temperature
ranges being optimum for oxygen uptake (Hissmann et al., 2000).
The lunar cycle may also influence coelacanth activity-depth
behaviors (the coelacanth appeared just before new moon in
our study) and the highest-amplitude temperature changes
occur during full and new moon periods (Hissmann et al,
2000).

Although the causal factors of the coelacanth occurrence in
our study are unknown, a current direction change might have
caused the decreasing water temperatures up until the coelacanth
was seen. The current directions were frequently close to the
direction of the southward flowing Agulhas Current and the
velocities exceeded 33 cm/s (1.2 km/h) 8 times at 98 m during the
study period and reached 50 cm/s (1.8 km/h) during each of the
first 3 days; but velocities were low when the coelacanth appeared.

The strong peaks in current velocity may be related
to the Agulhas Current coming closer to shore or eddies
causing stronger currents. The Agulhas Current is a strong
western boundary current (Imawaki et al., 2013) that forms
just north of Sodwana Bay from a combination of water
flowing westward past southern Madagascar and southward
flowing eddies of the Mozambique Current (Roberts et al.,
2006). Roberts et al. (2006) surveyed transects along the
coast (including Jesser Canyon) and found strong current

flows above 100 m that were up to 60-80 cm/s over the
continental shelf. Cooling events in these areas may be
related to the Agulhas Current being closer to shore causing
upwelling of colder water (Roberts et al,, 2006). These types
of fluctuations may have important influences on the depth
distributions and between-canyon lateral movements of the
coelacanths of Sodwana Bay, and also regarding when they
can be found at shallow enough depths to be reachable
by trimix divers.

Other Fishes in the Coelacanth Habitats

Our diving efforts and use of set cameras mostly in and
around one cave off Sodwana Bay resulted in the observation
of many fish species that are present in the upper habitats
occupied by coelacanths. In comparison however, Heemstra
et al. (2006a) used the observations made from 47 dives of
the submersible Jago (Hissmann et al., 2006) or scuba divers
and reported 54 fish species from canyons off Sodwana Bay
at depths of 100-200 m. They estimated that due to the
limitations of what could be seen during the submersible video
recordings made while searching for coelacanths, including
one dive with an expert ichthyologist (P.C. Heemstra), the 54
species recorded were probably less than a third of the total
fish fauna. For example, an additional 94 species are known
from depths of 100-359 m along the of northern KwaZulu-
Natal coast (Smith and Heemstra, 1995). The 54 fish species
seen within the habitats off Sodwana Bay included a wide
range of taxa that were categorized as possible prey species for
coelacanths or as potential predators (Heemstra et al., 2006a).
A similar number of 52 species was recorded by an ROV
survey in a wider set of areas (Geldenhuys, 2015), with only
26 overlapping species between the two studies, which likely
reflects the limitations of surveying fishes with underwater
vehicles. Habitats at depths of 150-400 m were surveyed by the
submersibles Geo and Jago at Ngazidja Island in the Comoros
Islands, because coelacanths live at slightly deeper depths there,
and 89 fish taxa including 65 identifiable species were observed
(Heemstra et al., 2006b).

Although we could add some species to the list of fishes
known from the coelacanth habitats off Sodwana Bay, the
time limitations associated with trimix diving do not make
that an efficient methodology to study the fish communities
that interact with coelacanths. The fixed cameras showed that
several types of fish species reside in or near the caves. Some
larger fish remain near the ceiling of the rock overhang, and
smaller fish live on the of the outer rock overhang surfaces.
A video made by Richard Pyle of a dive off Sodwana Bay in
2011 shows many of these same fish species in the caves and
rock overhangs at depths including at about 110 m (see link
in Table 2).

Our first attempt to place cameras to observe a daytime
habitat of coelacanths provided an example of an alternative
method to observe these habitats. Underwater video camera
systems have been increasingly used in studies of marine fishes or
marine biodiversity using baited, stationary, or moving camera
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systems (Mallet and Pelletier, 2014; Zarco-Perello and Enriquez,
2019; Piggott et al., 2020; Coleman and Burge, 2021). Our study
suggests that fixed cameras may be a highly useful method for
studying the communities of fishes that interact with coelacanths.

From the images obtained from one of the cameras
(Supplementary Video), it was found that other species of
fish inhabit the cave and coexist around coelacanths. Many
fish were seen along the south side of the cave and many
small and medium-size fishes moved in front of the camera
and around the coelacanth. These fishes have not been seen
together with coelacanths in existing photographs or videos.
This cave seems to be a location where coelacanths appear
frequently, and although it was not seen in the video when the
coelacanth was in the cave, cleaning behavior of a Labroidei
fish (a cleaner fish) with a grouper was observed by one of
the divers. It seems possible that this place may act a cleaning
station. Our observations indicate that various species use the
cave for hiding during the day, many fishes are moving around
or passing through the caves, and sharks sometimes move
through the caves, which make them important habitats for the
biodiversity of fishes, including coelacanths, living off this part
of South Africa.

Conservation and Future Research

Their unique ecological situation of slow growth, long lives and
small population sizes have made it obvious that coelacanths
were vulnerable to impacts from fishing and the strong general
interest in them (Bruton and Stobbs, 1991; Fricke, 1997;
Benno et al, 2006; Erdmann, 2006; Hukom et al, 2020;
Mahé et al, 2021), resulting in coelacanths being listed by
CITES to restrict their sale for commercial gain. The western
Indian Ocean species, L. chalumnae, is listed as Critically
Endangered, and the Indonesian species, L. menadoensis, is
listed as Vulnerable by the IUCN (Whittaker, 2014; Cooke
et al., 2021). Our study suggests that fixed underwater camera
deployments might be a logical new methodology for studying
the behavior and ecology of coelacanths without causing
disturbances to their lives and habitats, even if these camera
systems might be deployed from submersibles instead of using
deep-scuba methods.
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The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmars.
2021.755275/full#supplementary-material

Supplementary Video | Time-lapse video recording (1 frame every 5 s) of the

29 min when the coelacanth known as Noah was inside the cave at a depth of
113 m on the morning of 11 July 2018 while a shark swam back and forth through
the cave and a second shark was also briefly in the cave. Various other fishes can
be seen in the cave. The video was lightened to allow the coelacanth to be

seen more clearly.
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