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Introduction

There are significant calls to scale efforts to advance our understanding of fundamental
biological, ecological, and taxonomic information in the deep-sea to inform conservation
and decision-making (Howell et al., 2020). There is growing interest into ocean depths
between 200-1,000 m, building on recent research which suggested this depth band may
contain up to 10 times the global fish biomass in all other marine habitats combined
(Irigoien et al.,, 2014). A rich diversity of large marine predators is commonly found
throughout this portion of the vertical water column, inspiring questions about the
functional and ecological significance of this habitat (Braun et al., 2022).

The bluntnose sixgill shark (Hexchanchus griseus) is one of the largest species of deep-
sea elasmobranchs (Barnett et al., 2012), reaching a confirmed total length of 482 cm
(Bolivar, 1907), but with an unconfirmed report of 550 cm total length (Ebert and
Compagno, 2012). The species is found circumglobally within tropical, temperate, and
boreal latitudes (Finucci et al., 2020). While the species is known to have extremely large
litters (47-108 pups, Ebert and Compagno, 2012), research also suggests a late age-at-
maturity (females = 26.5 years; COSEWIC, 2007) and size at maturity (females at or near
400 cm TL; Ebert, 2002). The combination of these life history traits limits their population
rebound potential, thus reducing their ability to sustain high levels of exploitation (Finucci
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et al., 2020). Due to its size and catchability, H. griseus is one of the
better-studied deep-sea elasmobranchs, with a growing body of
knowledge into its habitat use (Brooks et al.,, 2015; Comfort and
Weng, 2015; Coffey et al., 2020) and trophic ecology (Reum et al.,
2020). However, many aspects of H. griseus biology remain cryptic.
For example, there is limited information on mating events, and
thus the potential locations of reproductive grounds remain mostly
speculative across its range (e.g., Ebert, 2002; Amor et al., 2017). The
recent emergence of compact, innovative deep-sea observation
platforms, such as video-equipped landers, is now rapidly
improving our ability to detect rare deep-sea shark species’
biodiversity and new record behaviors performed in the deep
ocean (e.g., Phillips et al., 2019; Gallagher et al., 2023).

Here we present rare observations of H. griseus from The
Bahamas, including reports of body scarring, which provides
some of the first clues to the spatial and temporal basis for
mating behavior in a deep-sea elasmobranch. Given the
challenges of determining where potential reproductive behaviors
take place for deep-sea vertebrates, these observations also highlight
how non-invasive remote lander video systems can provide timely
information on critical habitat for poorly known species of deep-
sea elasmobranchs.

Materials and methods
Compliance with ethical standard

The care and use of experimental animals complied with the
Bahamas animal welfare laws, guidelines and policies as approved
by the local government agencies. The authors declare no conflicts
of interest. Research was conducted under permits from the Dept.
Environment Protection and Planning and Dept. Marine Fisheries,
Bahamas Government. This study used non-invasive visual
observations of H. griseus, therefore animals were not
experimentally manipulated in any way.

From 4 - 6 November 2021, two different types of custom, free-
falling, deep baited remote underwater video systems (hereafter
dBRUVs) were deployed 5 - 20 km northeast of Highbourne Cay,
northwest Exuma Sound, The Bahamas (24.73405, -76.81480;
Figure 1). The Exuma Sound is a deep-sea inlet of the Atlantic
Ocean, where highly productive, neritic systems rapidly transition
into deeper slopes that extend to ~2,000 m in the central region of
the Sound (Buchan, 2000).

The first dBRUV system (System A) (Giddens et al.,, 2021)
consisted of a single Ultra-High Definition (HD) camera (Sony
Handycam FDR-AX33) housed in a borosilicate glass pressure
sphere (Vitrovex, NautilusMarine, GmbH). The sphere was
situated above a stainless-steel detachable bottom shaft (41 cm
long) that held the bait canister, and burnwire release mechanism
attached to a temporary anchor. The pressure housing (33 cm
diameter, 1.2 cm thick) housed the Ultra-HD (3840 x 2160) 4K
video camera with 20.6 megapixel still image capability, fixed at a 45
declination from the horizontal plane. External high efficiency LED
lighting (Cree XLamp CMT1930 LED), with two lights each placed
318 mm from the center of the sphere and angled downward at 45
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degrees from the horizontal plane, provided an illumination of 1530
Im and a color temperature of 4000 K. A bank of 14.4 V, 2.6 Ah
lithium-ion batteries provided 337 Wh for the camera and lighting
system. A single waterproof bulkhead (BH10FTI, SubConn),
externally located on top of the glass sphere, provided an
electrical connection for battery charging and data retrieval.
Depth was monitored using a boat-based echosounder.

The second dBRUV system (System B) consisted of a vertically
oriented, carbon-fiber frame with pressure-tolerant flotation and an
acoustic weight-release system (Phillips et al., 2019; Gallagher et al.,
2023). A single GoPro Hero6 camera (GoPro), set to record 1080p
video at 60 frames per second, was secured within a deep sea
housing (GoBenthic, GroupB Incorporated, USA) and attached to
the frame ~1.5 m above the bottom of the unit. Two potted LED
lights were used to illuminate the seafloor (SiteLite, Juice Robotics,
USA), and the cameras and lights were powered with a custom
lithium-ion battery pack. Temperature and depth were monitored
using a calibrated Starmon TD stand-alone logger (Star
QOddi, Iceland).

A small amount of bait (bonito, Sarda spp.; 500 g) was used in
both dBRUV systems to attract large marine predators and other
marine life: in system B the bait was attached to a pole put in clear
view of the camera; in System A the bait was placed into a
perforated, 10 cm PVC tube that was out of the view of the
camera. Each day, up to four dBRUVs (a maximum of two units
per system) were deployed simultaneously every 1.5-2.0 km at
depths between 700 - 1,100 meters, using an expendable drop
weight of 20 kg. In System A, a burn wire was triggered to release
the expendable weight at a pre-programmed time (5 hours). In
System B, an acoustic release system (PORT LF-SD, EdgeTech,
USA) was used to release the drop weight, allowing for the entire
system to return to the surface upon command, resulting in
deployments of 6-7 hours (as they were deployed and retrieved
sequentially after System A). All dBRUVs were then located and
retrieved at the surface using boat-based GPS unit and a VFH radio
receiver unit (R410, 150-160 MHz; Advanced Telemetry Systems,
USA). Upon retrieval, media cards from the cameras were
downloaded and the footage was scanned. The presence of any
large sharks was noted, as was their total time on camera, the
number of passes they performed (sensu Shea et al., 2020), while
noting biological and morphological details.

To further contextualize these findings, we undertook an
extensive review of the published peer-reviewed scientific
literature to quantify the relative number of studies that have
used remote video camera systems to study H. griseus biology.
Studies published prior to February 14™ 2022 were included, and
categorized as either behavioral, demographic, methodological, or
locality record.

Results

Video data were collected from 11 deployments along the
continental shelf break of the northwest Exuma Sound (Table 1),
at depths up to 1110m. This resulted in a total of 3151.1 minutes
(52.5 hours) of footage (286.5 = 16.5 min, mean + SD). dBRUVs
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FIGURE 1

Top panel: Map of dBRUV deployments (red circles) in the Exuma Sound, The Bahamas, from the present study (with The Bahamas inset). Bottom
panels: Hexanchus griseus recordings obtained from dBRUVs in the present study: (A, B) Large female sixgill shark bearing evidence of potential mating
attempts on pectoral and pelvic fins (red circles), as well as on the body. (C) Tooth puncture marks from the same individual, indicative of distinctive H.
griseus dentition (Corn et al, 2016), with (D) deep lacerations and bruising around the puncture site suggestive of recent (i.e., weeks) biting activity. (E)
Unique individual male six gill shark. All individuals were visually estimated to be between 3.0 and 4.0 meters in total length sensu Gallagher et al. (2023).

recorded footage from 09:14 AM to 12:09 PM, at depths ranging
from 876 — 1017 m (981.6 + 61.0 m, mean * SD). Of the 11 total
dBRUYV deployments, three individual H. griseus (2 females, 1 male)
were observed independently on three deployments (27% of
deployments). The size of the sharks was estimated to be between
3.0 and 4.0 m in total length (Figure 1), using the dBRUV as a
reference as done in Gallagher et al. (2023). Hexanchus griseus were
recorded for a total of 10.84 minutes, making a total of 30 unique
passes at the camera, ranging between 1 - 26 passes per individual.

Two female H. griseus were observed on 5th November 2021,
one on each camera system. These two individuals appeared to be in
different life history stages and exhibited divergent behaviors.
Mating scars were observed prominently on one female shark
(estimated to be ~3.5 m in total length). Scars were attributed to
relatively recent (i.e., within months of observation), coercive
mating (and/or attempts) based on previous criteria outlined by
Ritter and Amin (2019). These included subcutaneous bite marks
around the gills (Figure 1C) and pectoral and pelvic fin areas
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(Figures 1A, B, D), which are unlikely to be reflective of
competitive and predator bouts (Ritter and Amin, 2019). The
mating scars on this individual bore a large bite radius, bruising
around the bite area, and clear indentations suggestive of H. griseus
teeth (Corn et al,, 2016, Figures 1C, D). This individual female shark
was observed for the longest period of time (9.55 minutes), and
made contact with the lander system 30 times, biting the apparatus
and moving the entire unit with the drop weight >5 meters. Another
individual female H. griseus, uniquely identified by pectoral fin
markings, was observed for one minute, but did not make any
contact with the dBRUV system. This individual was larger, and
exhibited lateral bloating, bulging near its pelvic fins, and inability
to turn when swimming (this individual instead used its fins to
reposition itself). A sole male H. griseus was seen on 6th November
2021 in the same area (on camera system B, Figure 1E), although it
was only seen once for less than one minute.

A total of 18 published studies were identified that used remote
deep sea camera systems and reported various aspects of H. griseus
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TABLE 1 Deep baited remote underwater video (dBRUV) deployments during the study period, with information on location, time of day, duration,
shark occurrence, behavior, and notes.

Total Temp.
Recording at Sixgill Time
Camera Time Depth Depth Detected Observed [\[o}
Date System  Latitude Longitude (mins) (m) (°C) (Y/N) Sex (min) Passes
4-Nov-21 A 24.682 -76.770 276.4 1000 unavailable N - - -
4-Nov-21 A 24.691 -76.772 281.7 1100 unavailable N - - -
4-Nov-21 B 24.670 -76.764 279.6 974 6.1 N - - -
5-Nov-21 A 24.831 -76.773 2833 1000 unavailable Y P 9.55 26
5-Nov-21 A 24.823 -76.784 334.7 1000 unavailable N - - -
5-Nov-21 B 24.838 -76.762 2745 876 6.8 N - - -
5-Nov-21 B 24.849 -76.759 287.9 906 6.9 Y F 1 3
6-Nov-21 A 24.769 -76.784 286 1000 unavailable N - - -
6-Nov-21 A 24.762 -76.784 2825 1000 unavailable N - - -
6-Nov-21 B 24755 -76.779 2842 9245 6.9 Y M 028 1
6-Nov-21 B 24.792 -76.773 280.3 1018 53 N - -

*presence of body scars on the individual shark.

biology. Most studies were undertaken in the Pacific Ocean and
reported aspects of shark behavior (i.e., feeding behaviors, 38%) and
demographic information (i.e., population trends, 38%). Notably,
no published studies reported observations related to the
observation of mating scars or notable reproductive behaviors
(Supplementary Table S1).

Discussion

Knowledge of the habitats associated with reproductive behaviors
of sharks remains both a challenge and priority for their conservation,
and this is especially the case for deep-sea sharks which remain
challenging to access and survey. In the present study, we describe
several novel, twilight zone observations of live bluntnose sixgill
sharks - the largest predatory shark living in the deep-sea in global
oceans. Unique to our study is the documentation of large individuals
and the presence of teeth marks on at least one individual, suggestive
of potential mating events.

While we believe the observed scarring is indeed a result of
mating behavior, we cannot validate this claim, and there are several
other potential explanations for scarring. For example, sixgill sharks
are known to aggregate at depth to scavenge on carcasses, and
competition for access to scavenging resources could result in
agonistic bites between individuals. Furthermore, predatory
behavior between sympatric sixgill sharks and other large species
(i.e., tiger sharks, Galeocerdo cuvier) cannot be ruled out. However,
group mating events have been suggested for the species, supported
by observations of extreme polyandry (Larson et al., 2011). Indeed, a
single female bluntnose sixgill shark contained 71 pups sired by nine
fathers (Larson et al, 2011). This aspect of their biology provides
support for the increased prevalence of mating scars when individuals
of reproductive size overlap in space and time, as reported and
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corroborated in our study. If the observed scars were indeed related to
mating, it is plausible that the mating attempts could have occurred in
months prior to the observation. Evidence from white sharks
(Carcharodon carcharias) observed at Guadalupe Island, Mexico,
suggest that scars and body lacerations may be visible for up to
several months (Domeier and Nasby-Lucas, 2007).

The proposed reproductive grounds of H. griseus were previously
inferred from the physical capture of multiple life-history stages. For
example, Ebert (2002) reported a potential pupping ground of
H. griseus in South African waters owing to the capture of both
mature adults and small pups, while King and Surry (2017) reported
the capture of pregnant females in the strait of Georgia. Though
evidence for geographically distinct maternal lineages supports the
existence of regional reproductive grounds (Vella and Vella, 2017),
key information on the habitat-use of individuals prior to, and during
gestation are yet to be detailed. Our systematic review of the scientific
literature highlighted that previous video-based research on H. griseus
has been historically restricted to the northeast Pacific Ocean. Many
of these studies have reported demographic information, such as
temporal changes in population structure through time (e.g.,
Dunbrack and Zielinski, 2003; 2005 Dunbrack, 2008;). It was
notable, however that there was an absence of studies reporting the
location of habitats associated with potential reproductive events,
presenting a key conservation challenge for H. griseus populations,
and deep-sea sharks more broadly.

Considering the cold-water temperatures, slow growth, and likely
reduced metabolism of a large-bodied deep sea chondrichthyan, we
also cannot fully discount potential mating behaviors occurring away
from the study location. However, the unique oceanographic properties
of the Exuma Sound would certainly explain why this region may be of
notable biological significance for H. griseus — for which multiple life-
history stages have been observed (Brooks et al, 2015). Northern
regions of the Sound are known to support high predator diversity
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(Brooks et al,, 2015), which may be driven by high allochthonous
neritic energetic inputs from adjacent coastal ecosystems. For example,
Shipley et al. (2017a) predicted that neritic subsidies from extensive
coastal habitats flanking the Exuma Sound may be modulated by
strong onshore-offshore physical transport in addition to the
movement and trophic interactions of deep-diving predators, such as
Caribbean reef sharks (Carcharhinus perezi, Shipley et al., 2017b).
Recent work also suggests that the bluntnose sixgill shark is likely an
important vector of blue carbon (Shipley et al., 2023), which
corroborates the notion that large sharks may form ecological
associations with carbon sinks in the deep ocean (Dixon and
Gallagher, 2023). These observations suggest this region could be an
ecological hotspot that could support many important components of
organismal life-histories, including that of H. griseus. Further
observations of multiple females bearing similar scarring would
further support this region as a potential mating ground for this
species, although information on shark movement would be needed.

The conservation potential of deep-sea ecosystems is
intrinsically tied to knowledge of key habitats supporting critical
stages of organismal life-histories, such as reproduction. Our study
provides new clues into the highly cryptic reproductive behavior of
a large deep-sea shark, detailing the potential location of potential
reproductive grounds in the elusive H. griseus. Such information is
critical for implementing contemporary management frameworks,
such as marine protected areas, to conserve biodiversity and
functionality in the deep-sea. The use of innovative technologies
to survey the deep-sea, as done and reported here, hold great
promise for identifying future priority habitats for the
conservation of deep-sea sharks.
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