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A P P L I E D  E C O L O G Y

Remote submerged banks and mesophotic ecosystems 
can provide key habitat for endangered 
marine megafauna
Graeme C. Hays1*, Jacques-Olivier Laloë1, Jeanne A. Mortimer2,3, Alex Rattray1, Jared J. Tromp1, 
Nicole Esteban4

The importance of some ecosystems remains poorly understood. We showed that mesophotic ecosystems (30 to 
150 m) are a key habitat for a critically endangered species, with strong evidence that a globally important popu-
lation of adult hawksbill turtles (Eretmochelys imbricata) almost exclusively foraged at these depths on remote 
submerged banks. This discovery highlights the need for such areas to be included in conservation planning, for 
example, as part of the United Nations High Seas Treaty. We equipped nesting turtles with Fastloc-GPS (Global 
Positioning System) satellite tags at an Indian Ocean breeding area and they all traveled to deep foraging sites 
(6765 days of tracking data across 22 individuals including 183,921 dive-depth measurements) rather than shal-
low coral reef sites. Both chart depths and depth data relayed from the tags indicated that turtles foraged at me-
sophotic depths, the modal dive depths being between 35 and 40 m. We calculate that 55,554 km2 of the western 
Indian Ocean alone consists of submerged banks between 30 and 60 m.

INTRODUCTION
Across the world’s oceans, key habitats and the species they support are 
under various anthropogenic threats, including climate change, fish-
ing pressure, and pollution (1). Given these threats, there is an urgent 
need to triage key areas for protection, and yet for some habitats, there 
remains a lack of information to allow informed evidence-based con-
servation and management decisions. Knowledge of mesophotic eco-
systems is very scant, prompting calls for more studies to investigate 
their ecology (2–5). Mesophotic ecosystems are logistically challeng-
ing to explore because their depths are largely beyond the limits of rou-
tine scientific SCUBA diving and further these ecosystems may often 
be distant from land, which adds to their inaccessibility (5). Yet, some 
studies have suggested that mesophotic ecosystems can have rich bio-
diversity [e.g., (6, 7)] with abundant fish (8, 9), corals and sponges (5) 
with benthic invertebrates sometimes at such high densities that they 
are described as “marine animal forests” (3).

While there are a few anecdotal observations, it is largely un-
known how important mesophotic depths and submerged banks are 
for foraging marine megafauna, such as sharks, turtles, and marine 
mammals. For these groups, one important route to identify key ar-
eas for conservation is through satellite tracking, which allows ani-
mals to be followed regardless of where they move and so helps avoid 
logistical challenges of having to directly visit inaccessible habitats 
(1). Given this importance of assessing the megafauna use of meso-
photic ecosystems, we attached high-accuracy satellite tags to nesting 
hawksbill turtles (Eretmochelys imbricata), a critically endangered 
species, and then tracked them to their distant foraging grounds with 
state-of-the-art Fastloc-GPS (Global Positioning System) satellite 
tags, some linked to depth sensors. In this way, we avoided the biases 
associated with only sampling accessible sites and were able to iden-
tify the relative importance of foraging sites on shallow coral reefs 

close to land versus deeper remote areas. Through high-accuracy sat-
ellite tracking, we both (i) triage key high seas areas for conservation 
for a critically endangered species and (ii) highlight an approach 
that will have broad utility across species and regions. Our work is 
timely given the recently signed United Nations High Seas Treaty 
(4 March 2023), which aims to improve the conservation of remote 
ocean areas as part of the goal of protecting at least 30% of the world’s 
oceans by 2030 (10), meaning that informed evidence-based deci-
sions to identify key areas for protection are urgently needed.

RESULTS
Twenty-two turtles were tracked to their foraging grounds in the 
Chagos Archipelago. Turtles traveled from their nesting beaches 
on Diego Garcia to foraging grounds on submerged banks within 
200 km, the Great Chagos Bank, Centurion Bank, and Pitt Bank 
with a total of 6765 days of tracking data from the foraging areas 
(Fig. 1). No turtles traveled to foraging sites on shallow reefs associ-
ated with islanded atolls in the Chagos Archipelago.

The three turtles with depth-enabled tags traveled to the Great 
Chagos Bank. These three tags relayed dive data from the foraging 
grounds for a total of 1120 days (n = 415, 386, and 319 days for each 
tag, respectively), with a total of 183,921 raw 5-min depth values 
being relayed over this time. The 5-min depth values were further 
summarized into 1-hour intervals (n = 15,327, of which 8944 were 
either at night or day, i.e., local midday and midnight ± 3 hours) and 
24-hour depth-use categories (n = 1091). The modal depth across 
all three tags was 34.3 m (SD: 6.2 m), derived from the 1-hour mod-
al depths, with 95% of 1-hour modal depths lying between 33.5 and 
56.5 m, between 28.5 and 67.5 m, and between 22.5 and 62 m for 
each of the turtles with depth-enabled tags. These mesophotic 
depths were used for many months, until the tags failed (Fig. 2).

When we compared the modal depths, calculated hourly from the 
5-min records, these three turtles all showed a clear diel pattern in 
depth use with significantly deeper daytime dives (t>1400  >  50, 
P < 0.001 in all three cases). For example, the mean depth of the 
1-hour modal depth summaries for day and night for these three 
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turtles was 39.2 m and 34.5 m (n = 3632 1-hour modal dive summa-
ries), 39.1 m and 30.0 m (n = 2861 1-hour modal dive summaries), 
and 37.9 m and 24.0 m (n = 2451 1-hour modal dive summaries), 
respectively (Fig. 2 and fig. S1). Associated with this diel pattern of 
diving, there was usually a clear horizontal movement between day-
time and nighttime areas (fig. S2), with turtles generally transiting 1 
to 2 km between their mean day and night locations.

For the other 19 turtles with location-only tags, the mean value 
of the nearest chart depth to each turtle was not significantly differ-
ent from for the three turtles with depth-enabled tags (t14 = 1.97, 
P > 0.05); i.e., the implication is that across all 22 turtles, there was 
a tendency to occupy deep habitats. The mean GEBCO depth of the 
areas occupied by turtles in the day was 36.8 m.

We calculated the combined area of mesophotic ecosystems on sub-
merged banks in the western Indian Ocean as 55,554, 77,054, and 
90,039 km2 for depth ranges of 30 to 60 m, 30 to 80 m, and 30 to 100 m, 
respectively. The majority (43,086 km2) of mesophotic ecosystems occur-
ring between depths of 30 and 60 m were identified on the Mascarene 
plateau with the remainder (12,469 km2) on the Chagos-Laccadive 
Plateau, mainly the Great Chagos Bank and surrounding banks.

DISCUSSION
Our findings reveal the importance of mesophotic ecosystems and 
submerged banks for a critically endangered marine vertebrate and 
our approach may have broad applicability both across taxa and across 
other regions. Our approach of tracking a marine vertebrate also in-
forms on the distribution of its prey and points to an abundance of 
benthic invertebrates at mesophotic depths, since hawksbill turtles are 
thought to feed primarily on sponges and other invertebrates (11). 
This conclusion adds to the growing evidence that mesophotic depths 
and submerged banks might support rich benthic biodiversity, includ-
ing sponges [e.g., (3, 12, 13)] with, for example, both sponge growth 
rates and biomass reported to increase with depth (14). Furthermore, 
fishing fleets are known to target submerged banks, such as the Saya de 
Malha Bank, suggesting high fish abundance. Submerged banks in the 
Indian Ocean are also used by foraging green turtles [e.g., (15)] as well 
as several species of sharks and other large fish (7, 16). The diel move-
ments of hawksbills that we recorded are consistent with reports for 
other species of hard-shelled marine turtles (17), with turtles likely 
selecting nighttime resting areas with structure (rocks, caves, etc.) so 
that they are protected, to some extent, from predators such as sharks 
[e.g., (18)]. The picture that our evidence helps complete is that sub-
merged banks and mesophotic depths may support an abundance of 
both benthic invertebrates and marine megafauna. This conclusion is 
very timely given the recently signed United Nations High Seas Treaty 
that aims to improve protection of remote areas (10), with global inter-
est in now triaging the most important high seas areas in need of pro-
tection. While we show the importance of mesophotic depths for 
hawksbill turtles on submerged banks in the Chagos Archipelago, our 
work also highlights that more work is needed to document the spe-
cific areas within mesophotic ecosystems globally that are most in 
need of protection.

Our finding of an almost exclusive use of mesophotic foraging 
depths is made even more important by the global significance of the 
population we worked with. An estimated 6300 hawksbill clutches 
are laid annually in the Chagos Archipelago (19), which likely trans-
lates to a total population of several thousand adult females and pos-
sibly an equal number of adult males (20) foraging at mesophotic 

Fig. 1. Identifying the foraging sites of turtles. (A) The foraging sites (filled cir-
cles) in the Chagos Archipelago for 22 hawksbill turtles equipped with satellite tags 
on their nesting beach. Seventeen traveled to the Great Chagos Bank, three trav-
eled to the Pitt Bank, and two traveled to the Centurion Bank. The blue shading 
represents water shallower than approximately 100 m. Islands on atolls are identi-
fied in black: Diego Garcia (where tags were attached), Egmont atoll, Danger Island, 
Eagle Island, Three Brothers, and Nelson Island. (B) The depth-enabled Wildlife 
Computer Fastloc-GPS depth tag used in this study. (C) A turtle equipped with a 
tag on the nesting beach on Diego Garcia.

Fig. 2. Use of mesophotic depths on submerged banks. (A to C) For three depth-
enabled tags, the modal depth every hour for daytime (red) and nighttime (blue), 
showing the diel variation in depth use. Frequency histograms of depth utilization 
showed the same pattern (fig. S1), reiterating the typical use of mesophotic depths. 
(D) Location of bathymetric analysis of mesophotic depths on submerged banks in 
the western Indian Ocean; 1, northern Chagos-Laccadive Plateau (Maldives Plateau); 
2, southern Chagos-Laccadive Plateau (Great Chagos Bank, Speakers Bank, Pitt Bank, 
Centurion Bank, Wight Bank, Ganges Bank, and Diego Garcia Atoll); 3, northern Mas-
carene Plateau (Seychelles Bank, Amirante Bank, and Farquhar Ridge); 4, central 
Mascarene Plateau (Saya de Malha Bank and Ritchie Bank); and 5, southern Mas-
carene Plateau (Nazareth Bank, Cargados Bank, Soudan Bank, Rodriguez Ridge, 
Mauritius, and Reunion). (E) An example of distribution of mesophotic ecosystems 
from 30 to 60 m depth on the Seychelles Bank, western Indian Ocean. Depths are 
indicated by colors where red shows 30 m depth and blue shows 60 m depth.
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depths on the Great Chagos Bank and surrounding banks. Sub-adult 
hawksbills also likely forage in those areas, making the region glob-
ally important for this critically endangered species.

There is good evidence that our conclusions likely apply more 
broadly across the Indian Ocean and beyond. For example, in the 
Seychelles, postnesting hawksbill turtles have been satellite tracked 
to foraging sites across the Seychelles Bank located at distances of 13 
to 139 km from land (21). Examination of the approximate depths of 
their core foraging sites from available bathymetric charts (Admi-
ralty 740 The Seychelles Group) indicates the following depth ranges 
for each of four of the turtles, respectively: 13 to 60 m, 14 to 70 m, 36 
to 51 m, and 26 to 34 m. Furthermore, while the granitic Seychelles 
hosts large numbers of breeding hawksbills, during the nonbreeding 
season (March to August), adult hawksbills are rarely seen, and cap-
ture records from 1980 to 1983 show that few hawksbills >60 cm 
carapace length were captured in the vicinity of the granitic islands 
(22). In contrast, juvenile hawksbills were found year-round near the 
same islands. These observations again point to adult hawksbills 
generally living in deep waters distant from land outside the breed-
ing season in other parts of the Indian Ocean.

It is noteworthy that none of the tracked turtles traveled to shal-
low coral reefs associated with islands, which have long been consid-
ered as the primary foraging habitat for the species where they feed 
primarily on sponges and other invertebrates (11, 23–27). There has 
been speculation that without the grazing of hawksbill turtles, coral 
reefs might become overgrown with demosponges (11). Yet, while 
extensive coral reefs border all the islanded atolls in the Chagos Ar-
chipelago, and many studies have shown the pristine nature of the 
reefs in this area [e.g., (28)], none of the tracked turtles foraged close 
to atolls. While it is without question that hawksbill turtles may for-
age at shallow depths on coral reefs in some parts of the world, there 
may be sampling biases in the general applicability of this finding. 
Many seminal pioneering studies that showed use of shallow water 
by hawksbills used either direct visual observations from snorkelers 
and divers in shallow water or data from loggers deployed and re-
trieved on turtles captured in shallow water [e.g., (26, 27, 29, 30)]. 
Thus, by their very nature, such studies will shed light on shallow 
depth use as these were the areas sampled and will under-sample 
deeper areas. In contrast, deploying dive loggers linked to satellite 
tags on nesting turtles, as we have done, and then relaying the dive 
data from the foraging grounds, wherever they might be, helps avoid 
such biases. Such studies have shown that in some areas, adult 
hawksbills certainly use shallow depths, for example, in the eastern 
Pacific (31) and Red Sea (32). However, in other areas, there are in-
dications that adult hawksbills may use deeper areas. Deep diving 
was shown by a female adult hawksbill turtle that was equipped with 
a depth-enabled satellite tag in the Caribbean (33), while other stud-
ies inferred use of depths >50 m by overlaying turtle locations on 
bathymetric charts (34). Similarly, Marshall et  al. (35) tracked 18 
postnesting hawksbills turtles in the Arabian Gulf with location-only 
satellite tags and inferred that turtles often traveled to foraging sites 
that were 30 to 50 m deep. A similar inference of use of mesophotic 
depths was made by tracking hawksbills with location-only tags on 
the west coast of Australia (36). There are further indications from 
disparate observations that our conclusion of mesophotic ecosys-
tems being important for this species may apply broadly to many 
sites across the world. For example, off Puerto Rico (Caribbean), re-
mote operated vehicles have been used to identify hawksbill turtles 
at depths between 25 and 40 m on seamounts (37), foraging at 65 m 

on a mesophotic coral ecosystem (38) and swimming at 87 m (39). In 
the Philippines, Quimpo et al. (18) observed hawksbill turtles at 30 
to 40 m on mesophotic coral ecosystems. Thus, while few other stud-
ies have directly recorded foraging depths for adult hawksbill turtles 
after they have migrated to their foraging grounds, these observa-
tions complement our findings and suggest that hawksbills likely use 
mesophotic depths widely at sites around the world and, by implica-
tion, these depths can support a high abundance of benthic inverte-
brates globally. Across many thousands of adult hawksbill turtles in 
the Indian Ocean, it is likely that many are foraging deeper than the 
60 m we routinely reported from turtles equipped with depth sen-
sors. Thus, the total likely available foraging habitat on submerged 
banks might be better described by the 30- to 80-m or 30- to 100-m 
isobaths, with these areas encompassing 77,054 and 90,039 km2, re-
spectively. Regardless of this exact isobath limit for foraging, the 
available mesophotic areas accessible to hawkbills are clearly huge.

While the Great Chagos Bank lies within one of the world’s largest 
Marine Protected Areas and so receives protection from industrial 
fishing [e.g., see figure 8a in (40)], there are ongoing negotiations about 
the future conservation management of this region (41). Management 
of the Saya de Malha Bank is difficult as it lies beyond waters of national 
jurisdiction and since 2012 has been jointly managed by Mauritius 
and the Republic of Seychelles as a Joint Management Area (11). Our 
findings suggest that these submerged banks, and likely those more 
broadly around the world, are key areas for conservation focus.

In summary, our findings highlight that submerged banks and 
mesophotic depths can be important foraging areas for critically en-
dangered marine vertebrates and may support an abundance of ben-
thic invertebrates. As such, these habitats should be considered 
important in conservation planning both in the Indian Ocean and 
globally, for example, as part of the United Nations High Seas Treaty. 
Our study also highlights the value of using satellite tracking to re-
veal key habitats for endangered marine megafauna.

MATERIALS AND METHODS
Study site and tag deployments
The Chagos Archipelago lies in the western Indian Ocean and consists 
of discrete atolls with around 58 associated islands, surrounded by 
shallow-fringing coral reefs. While hawksbill turtles were ashore nest-
ing during November 2018 and 2019 on the island of Diego Garcia, the 
largest atoll in the archipelago (7.428°S, 72.458°E), they were equipped 
with Fastloc-GPS Argos satellite tags (SPLASH10-BF, Wildlife Comput-
ers, Seattle, Washington, USA) [see (42) for attachment details]. From 
data relayed via the Argos system (http://www.argos-system.org/), 
Fastloc-GPS positions were determined. Only Fastloc-GPS positions 
obtained with a minimum of six satellites and a residual error value (a 
dimensionless unit produced in Fastloc-GPS processing) of ≤30 were 
used, producing locations that were generally within a few tens of me-
ters of the true location (43). A speed filter was then applied to remove 
any GPS locations greater than 5 km/h. We identified each turtle’s forag-
ing grounds as the localized area they traveled to and remained in for 
several months before tags failed. Three of the tags additionally recorded 
depth every 5 min. Depth was measured (precision = 0.5 m) with a 
pressure transducer on the tag and relayed via Argos. Depth data were 
obtained in two main ways: (i) depth recorded every 5 min was relayed 
every time the turtle surfaces and (ii) all depth values recorded each 
24-hour period were placed into depth histograms (2, 5, 10, 15, 20, 25, 
30, 35, 40, 45, 50, 60, 100, and >100 m) that were then relayed every 
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24 hours. These depth histograms were essentially a redundancy in case 
there were insufficient uplinks to obtain appreciable 5-min depth val-
ues. Depths recorded at 5-min intervals were summarized by the modal 
depth every hour. Where more than one mode was present within the 
hour, we derived the mean of those modal values. As turtles forage and 
rest on the seabed, their modal depth use likely reflects the seabed 
depth. When we estimated hourly modal depth, observations that had 
<8 records within the hour were removed. Turtles showed a clear diel 
pattern in movement, with defined nocturnal locations and a broader 
diurnal foraging pattern. To objectively quantify this movement, the av-
erage distance between the mean daily daytime and nighttime locations 
was calculated every 10 days, using daytime locations obtained at local 
midday ±3 hours and nighttime locations at local midnight ±3 hours. 
We used this same definition of day versus night to quantify day versus 
night dive depths. From a bathymetric chart (DM 61610 Chagos Archi-
pelago), the depth sounding closest to each turtle’s location (to the near-
est 30 s) was noted.

Bathymetric analysis
Bathymetry data for the two largest shallow submarine features in the 
tropical Indian Ocean, the Chagos-Laccadive Plateau and the Mascarene 
Plateau, were extracted from the GEBCO 2023 15 arc-second grid (44). 
Bathymetry rasters were first cropped using extents corresponding to 
the 1000-m isobath for five study areas: northern Chagos-Laccadive Pla-
teau (Maldives Plateau), southern Chagos-Laccadive Plateau (Great 
Chagos Bank, Speakers Bank, Pitt Bank, Centurion Bank, Wight Bank, 
Ganges Bank, and Diego Garcia Atoll), northern Mascarene Plateau 
(Seychelles Bank, Amirante Bank, and Farquhar Ridge), central Mas-
carene Plateau (Saya de Malha Bank and Ritchie Bank), and southern 
Mascarene Plateau (Nazareth Bank, Cargados Bank, Soudan Bank, 
Rodriguez Ridge, Mauritius, and Réunion). After reprojection of rasters 
to their local Universal Transverse Mercator (UTM) zones, vector masks 
encompassing three mesophotic depth ranges of 30 to 60 m, 30 to 80 m, 
and 30 to 100 m were derived and used to extract rasters for each depth 
range in the five study areas. The areas of each depth range were calcu-
lated by extrapolating pixel area across the full extents of each site. Data 
were analyzed in R v4.2.2 using RStudio v2023.03.1 (R Core Team, 2023) 
and maps were produced using QGIS v3.30.2.

Ethics statement
The study was approved by Swansea University and Deakin University 
Ethics Committees and the British Indian Ocean Territory Adminis-
tration of the UK Foreign, Commonwealth, and Development Office. 
The study was endorsed through research permit nos. 0009SE18 and 
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Ocean Territory (BIOT), and the research complied with all relevant 
local and national legislation.
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