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Preamble

In honour of the centenary of The International Hydrographic Review (IHR) in 2023, Prof Dr
Alex David Rogers was invited to contribute to the special Jubilee Issue* with a keynote article
on the exploration of deep-sea biodiversity over the past 100 years and a look into the future
of deep-sea exploration of marine ecosystems. As this was not possible in the Jubilee year,
we are now publishing the manuscript.

* The International Hydrographic Review, 29(1). International Hydrographic Organization, Monaco.https://ihr.iho.int/issues

volume-29-1/ (accessed 20 April 2024).

Abstract

We review discoveries in deep-sea biodiversity since the establishment of the International
Hydrographic Organisation in 1921. Over the last century it has been demonstrated that the
deep sea harbours a great variety of habitats which host a large diversity of species rivalling
that of other marine and terrestrial ecosystems. This was possible through the invention of
quantitative sampling methods and deep-submergence technologies as well as advances
in fields such as acoustics and marine navigation. Increasing human activities impacting the
deep ocean now demand knowledge of the distribution of life in the deep sea is greatly im-
proved through further exploration.
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Nous passons en revue les découvertes en matiere de biodiversité des grands fonds marins depuis la créa-
tion de I'Organisation hydrographique internationale en 1921. Au cours du siecle dernier, il a été démontré
que les eaux profondes abritent une grande variété d'habitats qui hébergent une large diversité d'especes
rivalisant avec celles des autres écosystemes marins et terrestres. Ces résultats ont pu étre obtenus grace
a l'invention de méthodes d'échantillonnage quantitatif et de technologies d'immersion en profondeur, ainsi
que grace aux progres réalisés dans des domaines tels que I'acoustique et la navigation maritime. L'aug-
mentation des activités humaines qui ont un impact sur les grands fonds océaniques exige désormais que
la connaissance de la diffusion de la vie dans les grands fonds soit grandement améliorée par de nouvelles

explorations.
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Resumen

DEEP-SEA EXPLORATION OF MARINE ECOSYSTEMS

Revisamos los descubrimientos en biodiversidad de los fondos marinos desde la creacion de la Organizacion
Hidrografica Internacional en 1921. A lo largo del ultimo siglo se ha demostrado que las profundidades
marinas albergan una gran variedad de habitats que acogen una gran diversidad de especies que rivaliza
con la de otros ecosistemas marinos y terrestres. Esto ha sido posible gracias a la invencion de métodos
cuantitativos de toma de muestras y tecnologias de inmersion profunda, asi como avances en campos
como la acustica y navegacion marinas. El aumento de las actividades humanas que afectan a las profun-
didades oceanicas exige ahora que se mejore considerablemente el conocimiento de la distribucion de la
vida en las profundidades marinas mediante mas exploraciones.

1 The emergence of modern deep-sea
biodiversity research

By the time of the establishment of the International
Hydrographic ~ Organisation  (HO; then the
International  Hydrographic Bureau) in 1921, the
results to many oceanic and transoceanic expedi-
tions had been published. The circumglobal voyage
of HMS Challenger (1872-1876) alone resulted in
50 volumes of scientific research, the last of which
was published in 1895 (Corfield, 2004). In 1935,
the Swedish zoologist Sven Ekman synthesised
findings on species distributions from the results of
these expeditions to summarise current knowledge
of the biogeography of the global ocean including
the deep sea. Ekman (1935) concluded that the
deep-sea fauna was distinctive and diverse (the
Challenger expedition described more than 1,500
species living below 500 fathoms [914 m]), although
the abundance and diversity of species declined
with increasing depth and distance from the con-
tinental shelf. He also concluded that the fauna of
hard substrata was different to that found on sedi-
ments (Ekman, 1935). His descriptions of the zones
of transition from the shelf biota to the deep sea and
then within the deep sea itself remain largely con-
sistent with our understanding today.

It is fascinating to note that just before Ekman
published his seminal work in on ocean bioge-
ography two Americans, Wiliam Beebe and Otis
Barton had taken the first dives into the deep sea
using the Bathysphere, essentially a hollow iron ball
lowered on a cable with a single viewing window.
Deep-submergence  technology had emerged
for the first time for the purposes of marine scien-
tific research. This paper reviews the exploration
of deep-sea biodiversity over the last 100 years
describing important technological advances and
the landmark discoveries in the field. We finish by
looking into the future of deep-ocean biodiversity
science and how it is critical to halting the decline
of marine species through providing evidence for
decision making and management related to human
activities in the ocean.
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2 Plumbing the depths: over-the side
sampling

Much of the work discovering deep-sea biodiversity
has been undertaken through over-the-side sam-
pling using dredges, trawls, sleds, corers and pelagic
nets. This has involved painstaking work in the field
and back in the laboratory to carefully identify marine
species, still poorly known from the deep sea (e.g.
Bouchet et al.,, 2023), to obtain quantitative data
on the distribution of life. This equipment began as
mechanical devices deployed by wire or rope from
a ship but have developed overtime to incorporate
sensors, telemetry and precise control of sampling.

2.1 Benthic sampling
2.1.1 Dredges and sleds
The naturalist's dredge became the workhorse of
19" Century deep-sea biology and work undertaken
during expeditions such as that of HMS Challenger
(1872-1876) provided some of the first insights into
the diversity and distribution of deep-sea organisms
(Ekman, 1935; Kaiser & Brenke, 2016; Table 1). Post
World War 2 scientists tried to design more quanti-
tative dredges. Howard Sanders from Woods Hole
Oceanographic  Institution  (WHOI) developed the
anchor dredge for semi-quantitative sampling, re-
vealing an astonishing diversity of small animals living
on or in deep-sea sediments (Sanders et al. 1965).
This was followed by the development of the WHOI
epibenthic sled (Hessler & Sanders, 1967) and more
complex sleds which incorporated acoustic telemetry
and cameras to better estimate the area / volume of
sediment sampled and to photograph seafloor com-
munities prior to disturbance from the gear (Table 1).
In subsequent decades iterations of the WHOI
epibenthic sledge were designed (e.g. Snell sledge;
Snell, 1998) whilst much heavier and more robust
instruments have been used to sample rough sea-
floors associated with seamounts and other rugged
topography (e.g. New Zealand Institute of Water and
Atmospheric  Research’s  [NIWA] seamount  sled;
Kaiser & Brenke, 2016; Fig. 1). These instruments
have provided data on the abundance and diversity of
seamount benthic fauna (e.g. Clark & Rowden, 2009).
Sleds were also developed to sample small organisms
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DEEP-SEA EXPLORATION OF MARINE ECOSYSTEMS

Fig. 1 Examples of (a) the NIWA seamount sled, (b) beam trawl (c)

Brenke sled, (d) otter trawl. All photos by A. D. Rogers taken during
The Nippon Foundation Nekton Ocean Census NIWA Bounty Trough
Expedition, South West Pacific, 2024 (a, b, ¢) and on the RV Helmer
Hanssen in Svalbard, Arctic June, 2019.
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living on and in sediments as well as the hyperben-
thos including the Rothlisberg and Pearcy epibenthic
sampler or sled and the Brenke sledge (Brenke, 2005;
Kaiser & Brenke, 2016; Table 1; Fig. 1). The latter can
recover intact samples of small organisms and has
also been equipped with stills and video cameras as
well as oxygen sensors (Brandt et al., 2013).

2.1.2 Trawls

Beam and otter trawls (Fig. 1) have been adapted for
science from fishing gear. Using a beam trawl HMS
Challenger recovered megafauna living on the sur-
face of the seafloor down to abyssal depths (Table 2).
These trawls were simplified by Alexander Agassiz, a
scientist and Captain Charles D. Sigsbee of the U.S.
Coast Survey Steamer Blake (Murray & Hjort, 1912;
Rozwadowski, 2005; Table 2). They also pioneered
the use of wire rope a material which is now standard
for many research vessels. Sizes of Agassiz trawl
vary from small light trawls of 1 m width and 0.3 m
height to much larger trawls of 3.5 m width and 1 m
in height (Clark et al., 2016). Otter trawls (Table 2) can
be large and need to be towed at speed to keep the
doors open. This type of trawl enabled the capturing
of large numbers of leptocephali of the European and
America eels (Anguilla anguilla and Anguilla rostrata)
on a series of fisheries investigations eventually en-
abling the Danish scientist Johannes Schmidt to
uncover the approximate location of the eel spawning
grounds in the Sargasso Sea (Hjort, 1910; Schmidt,
1923; see account in Svensson, 2019).

Modern otter trawls are often twin warped and
the angle and spreading effect of the doors can be
altered to reduce or increase bottom contact influ-
encing the species collected (Clark et al., 2016; Fig.
1). Wires connect back from the doors to the net, the
upper headline of which is held up in the water by
buoyant floats to hold the mouth open (Clark et al.,
2016). The ground rope is often equipped with rollers
or bobbins to help it jump over obstacles (Clark et
al., 2016). These nets can be modified for very rough
seafloors such as found on seamounts or in can-
yons through including heavier ground gear with wide
discs orrollers (Clark et al., 2016). Smaller otter trawls
can be towed on single warps where the vessel is
small and available power limited (e.g. Michael Sars;
Murray & Hjort, 1912; Clark et al., 2016).

2.1.3 Corers

Trawls and dredges can only generate qualitative or
semi-quantitative data for deep-sea megafauna and
macrofauna (Gage & Tyler, 1991; Narayanaswamy et
al., 2016). Grabs and later corers were developed to
take a known quantity of the seafloor so that organ-
isms living both on and in the sediments could be
identified, enumerated and their biomass estimated.
These include the macrofauna (animals retained in
a sieve of mesh size 250-300 pym) and meiofauna
(animals retained in a sieve of mesh size 20-32 um)
that make up most of the biological communities of
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deep-sea sediments (Narayanaswamy et al., 2016).
The first grabs were developed for use in shallow
water for investigations of the role of benthic communi-
ties in supporting fish stocks in Danish fjords (Petersen
& Boysen Jensen, 1911; Table 3). This work gave rise
to the concept of animal communities on the seafloor
(Petersen, 1913). Penetration of grabs into the seafloor
was an issue as was the bow-wave effect where the
water pushed in front of the equipment “blows away”
organisms living on the surface (Narayanaswamy
et al., 2016). Given these and other issues such as
sample wash out on retrieval, these devices have
been largely replaced by corers for quantitative sam-
pling of deep-sea sediments (Narayanaswamy et
al., 2016; Table 3). Video guided grab systems have
more typically been used to take geological samples
or 1o take samples from places where corers or other
equipment cannot sample or where habitat is very
patchy such as on seamount, cold-water coral reef
ecosystems (e.g. Pratt et al.,, 2019) or sulphide-rich
deposits (Narayanaswamy et al.,, 2016). Some of
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these are hydraulic and may even be equipped with
ROV thrusters to enable more precise positioning of
the system for sampling (e.g. HYBIS, Table 3).

Gravity corers were first developed in the mid-
late 19" Century and included the Brooke Sounder
and the Bailie Sounding Machine, used during the
Challenger Expedition for soundings (Murray & Renard,
1891; Schonfeld, 2012; Table 3). The desire for longer
cores led to the development of a corer driven into the
seafloor by an explosive charge which obtained cores
up to 10 meters long from depths as great as 4,846
m depth (Piggot, 1936; Table 3). However, this was
superseded by the piston core (Kullenberg, 1947) de-
ployed on the Swedish Albatross expedition and was
used to collect 250 core samples as long as 13 m
from the deep sea (Pettersson, 1949). This has re-
mained largely unchanged to the present day and can
obtain cores up to 60 m long.

Gravity corers still suffered from the issue of bow
waves and also the use of core catchers, devices
which prevent a core falling from the coring tube or liner

IHO
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Table 1 The evolution of benthic sleds and dredges. Through time trends included more accurate quantification of samples, inclusion of closing mechanisms for nets and

greater levels of telemetry and instrumentation.

Equipment

Inventor/adaptor

Innovation

Reference

Oyster dredge

Count Luigi Ferdinando
Marsigli (Italy)

Dredging of shallow water animals published in Histoire Physique de la Mer 1725

Rehbock, 1979

Muller dredge

Otto Frederic Mdller
(Denmark)

Modified oyster dredge with square mouth. Deep water sampling of Oslofjord and other
fiords in southern Norway.

Brattegard et al., 2011

Ball’s dredge or natural-
ists dredge

Robert Ball (Ireland)

Rectangular mouth and scrapers on upper and lower sides of dredge so it would operate
regardless of which side landed on the seafloor. Towing arms of dredge also folded down
so device could be packed into portable bag. Used in the Challenger Expedition.

Rozwadowski, 2005

Anchor dredge

Forster, modified by
Howard Sanders (U.S.A.)

Dredge with horizontal plate attached to a metal frame dividing the mouth into two equal
halves so it would dig in up to the level of the plate (about 11 cm). Semi-quantitative and
samples sieved through 0.42 mm mesh to collect small animals.

Forster, 1953; Sanders
et al., 1965; Kaiser &
Brenke, 2016

WHOI Epibenthic sled

Hessler and Sanders
(US.A)

Fine-mesh plankton net (000 monofilament nylon) surrounded by a flat metal frame fixed
to metal runners on the top and bottom. Rectangular mouth with adjustable cutting edges
to alter the penetration depth of the sled. Semi quantitative.

Hessler & Sanders, 1967

|08 Epibenthic sled

Aldred (U.K.)

Steel frame with broad weighted skids; an opening and closing mouth to prevent con-
tamination by planktonic organisms; main net of 4.5 mm terylene mesh and a 1.5 m cod
end of 1 mm mesh; acoustic telemetry; oblique camera pointing forwards with electronic
flash. Modified by replacement of single central net with a central net of 1.0 mm mesh
either side of which were additional nets of 4.5 mm mesh size (Rice et al., 1982). Above
the central net was an additional net of 0.33 mm mesh to capture organisms living above
the seabed (hyperbenthos); also odometer and height adjustable camera.

Aldred, 1976; Rice et
al., 1982

Rothlisberg and Pearcy
(R-P) epibenthic sampler
or sledge

Sampling box, with closing door to prevent contamination during hauling, enclosing a
fine-meshed nylon net (571 pm), fitted into a steel frame on runners. Modified with an
additional supranet on top of the existing net to sample fauna from 25-60 cm and 77-105
m above the seafloor.

Rothlisberg & Pearcy,
1977; Brandt & Barthel,
1995; Kaiser & Brenke,
2016.

Brenke sled

Brenke (Germany)

Large and strong metal frame surrounding epi- and supra-net; opening and closing sys-
tem; small mesh sized nets (300-500 pm) for capturing both meiofauna and macrofauna;
can be broken into three parts for transport.

Brenke, 2005.

Table 2 The evolution of scientific trawls.

Equipment

Inventor/adaptor

Innovation

Reference

Beam trawl

Sir Charles Wyville
Thomson (U.K.)

Use of a fisheries beam trawl for deep-sea sampling (2,650 fathoms or 4,846 m).

Murray and Hjort, 1912;
Rozwadowski, 2005.

Agassiz, Sigsbee or

Alexander Agassiz, Cap-
tain Charles D. Sigsbee

Simple steel frame forming a rectangular mouth attached to the trawl net and with a
towing bridle; the front edges of the frame are oval to enable the trawl to skip over small

Murray & Hjort, 1912;
Gage &Tyler, 1991; Roz-

Blake trawl USA) obstacles and it can operate either side up; use of wire rope to save on space and weight wadowski, 2005; Clark
e compared to hemp rope. etal., 2016
Hjort, 1910; Murray &
Otter trawl Johan Hjort (Norway) Adapted from fisheries trawl. Heavy doors used to hold the entrance of the net open. Hjort, 1912; Clark et al.,

2016.

Pelagic young fish trawl

C. G. Joh. Petersen

Mesh comprising thickly woven hemp (19 threads to 3 cm).

Hjort & Petersen, 1905;
Murray & Hjort, 1912.

https://doi.org/10.58440/ihr-30-1-a09
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DEEP-SEA EXPLORATION OF MARINE ECOSYSTEMS

Fig. 2 Examples of (a) Multicorer, (b) Box corer. Photos by A. D. Rogers taken during The Nippon Foundation Nekton Ocean Census NIWA

Bounty Trough Expedition, Southwest Pacific, 2024.

which tend to disturb the surface of the core (Craib,
1965; Schonfeld, 2012). The solution to this was the
development of a corer with a hydraulic dampener a
device that slows the penetration of the core tube into
the sediment (Craib, 1965; Table 3). This was further
developed into modern day multicorers and meg-
acorers (Table 3; Fig. 2) routinely deployed for sam-
pling of deep-sea meiofauna and macrofauna.

Box corers are designed to take a cuboid sec-
tion of sediment from the seafloor (Table 3; Fig. 2).
These samplers can take precise areas of the sea-
floor (0.25 m? for USNEL box corer) and can provide
a large amount of material for sampling or subsam-
pling of animals and for recording the physical and
chemical characteristics of the sediment including
porewater. Bow wave effects can be an issue with
pox corers although careful operation can reduce
this problem considerably.

2.2 Pelagic Sampling

2.2.1 Ring nets

The German scientist Victor Hensen first used the
term “plankton” and developed the first quantita-
five approaches to sampling pelagic communities.
Hensen believed that plankton production might fuel
marine food webs and was interested in character-
ising the horizontal and vertical distribution of plankton
(Wiebe & Benfield, 2003; Dolan, 2021). The Hensen
Net comprised a metal ring from which a conical net
was suspended, and which could be lowered to
a set depth and the volume of water it had filtered

m P-1 THE INTERNATIONAL HYDROGRAPHIC REVIEW

calculated (Dolan, 2021; Table 4). Hensen also in-
vented a method to enumerate planktonic organisms
on an etched glass plate (Dolan, 2021). He under-
took the Plankton Expedition on the steamer National
which sampled the North Atlantic (Dolan, 2021) and
versions of this net are still used. Chun, Petersen and
Nansen modified this net to be sent to the required
depth closed, mechanically opened through the use
of a messenger sent down the cable (a weight) and
then closed after the required length of time of fishing
using another messenger (Murray & Hijort, 1912;
Bigelow, 1913).

2.2.2 Deep pelagic trawls

Following World War 2 scientific and military interest
in characterising the deep scattering layer led to the
need for nets that could open at mesopelagic or
bathypelagic depths, maintain an open mouth while
being towed horizontally and at a greater speed than
previous designs (Hersey & Backus, 1962; Devereux
& Winsett, 1953). Two main designs appeared in the
1950s, the Tucker Trawl and the Isaacs-Kidd Midwater
Traw!l (IKMT; Tucker, 1957; Devereux & Winsett, 1953;
Table 4). These nets were effective at capturing mi-
cronekton which typically comprised of crustaceans
such as euphausiids, small fish such as myctophids
and squid (e.g. Tucker, 1951; Devereux & Winsett,
1953). The rectangular mouth of the Tucker Trawl en-
abled subsequent development as an opening and
closing net and then the further development of mul-
tinets (Wiebe & Benfield, 2003; Table 4). Systems

https://doi.org/10.58440/ihr-30-1-a09



Table 3 The evolution of quantitative seafloor corers.

DEEP-SEA EXPLORATION OF MARINE ECOSYSTEMS

Equipment Inventor/adaptor Innovation Reference
Petersen & Boysen
Petersen and Boy- . . . . - Jensen, 1911; Holme,
Grabs sen-Jensen Adapted from industrial coal grab; semi quantitative. 1964: Narayanaswarmy
et al., 2016.
Sparck, 1956; Lisitsin
Heavy grabs e.g. Okean Various Increase of the size and weight of grab to increase seafloor penetration; semi-quantita- & Udintsev, 1955; Hart-
grab; Campbell grab tive. man, 1955; Hartman and
Barnard, 1958.
erdeen Grab, Baird Various Use of levers and pulleys to increase the closing force of the grab; semi-quantitative. § i ’

Sampler

1958; Narayanaswamy
etal., 2016.

Video-guided grab sam-
plers (Russian GTVD-2/
Preussag grab; Hydrau-
lic Benthic Interactive
Sampler [HYBIS])

Bramley Murton (HYBIS)

Live video feed to enable sampling of specific geological features or habitats. Addition of
thrusters for steering (HYBIS); semi-quantitative.

Sheremet & Efimova,
1996; Murton, 2012;
Narayanaswamy et al.,
2016.

Brooke Sounder

John M Brooke (U.S.A.)

Shot weight with a hole bored through it into which a metal rod was inserted with a hollow
at one end to obtain a sample of the seabed. Semi-quantitative.

Rozwadowski, 2005

Baillie Sounding Machine

Murray and Renard
(U.K)

Series of iron weights or sinkers with holes in the centre through which a hollow iron rod
was inserted. The weights were detached on striking the seafloor and the tube retrieved
containing a sample of the seafloor. Semi-quantitative.

Murray & Renard 1891.

Explosive corer

Snowden Piggot (U.S.A.)

Steel tube inside of which was a brass tube which on contact with the seafloor was
propelled into the sediment by an explosive charge at the upper end. Obtained 10 m
cores. Quantitative.

Piggot, 1936

Piston corer

Hans Pettersson and B.
Kullenberg

Piston added to coring tube which moves up tube as core is collected and forms an air-
tight seal. Collect core with minimal disturbance to surface, up to 60 m long. Quantitative.

Kullenberg, 1947; Pet-
tersson, 1949

Hydraulically dampened
corer

Craib

Core tube with weights on top is mounted in a frame and connected to a hydraulic damp-
ener, that slows the penetration of the core tube into the sediment minimising disturbance
of core. Ball drawn over the bottom end of the coring tube by two elastic cords holding
the column of sediment in the tube. Quantitative.

Craib, 1965.

Multicorer e.g. Scottish
Marine Biological Associ-
ation (SMBA) multicorer
Barnett

Barnett

Development of hydraulically dampened corer with 12 core tubes with a diameter of 5
cm. Megacorer is a development of multicorer with wider-bore coring tubes. Quantitative.

Barnett et al., 1984,
Narayanswamy et al.,
2016.

Box corer e.g. United
States Naval Laboratory
[USNEL] box corer or
Royal Netherlands Insti-
tute for Sea Research
[NIOZ] box corer

Hessler and Jumars

Removable square or round sample box attached below a weighted central column car-
rying a pivoting spade which closes the box after it samples the seafloor. A gimballed
support frame may also attach to the central column. Can take precise areas of the
seafloor (0.25 m? for USNEL box corer). Quantitative.

Hessler & Jumars, 1974;
Narayanaswamy et al.,
2016.

Grey-O’Hara [GOMEX]
box corer

Box corer with double-jawed closure

Boland & Rowe, 1991

such as the RMT1+8 and MOCNESS were gener-
ally targeted at micronekton and large zooplankton.
However, smaller modem multinets targeted at macro-
zooplankton are based on an original design by Bé et
al. (1959; also Bé 1962; Table 4; Fig. 3).

3 The evolution of deep-submergence
technology

In this section we focus on the deep-submergence

technologies which have driven scientific advances in

our understanding of deep-ocean biodiversity. These

technologies are used for the remote exploration of the

deep ocean using manned or unmanned platforms.

3.1 Drop cameras

[t was not until the pioneering work of a group of
scientists and engineers at Lamont/Woods Hole
that it was demonstrated that remotely operated
cameras could be used for scientific observations in
the deep sea (Ewing et al., 1946, 1967; Southward
& Nicholson, 1985; Table 5). These camera sys-
tems were based on 35 mm film and evolved to
be contained in tubular housings which had strong

https://doi.org/10.58440/ihr-30-1-a09

pressure-resistance and could be designed so the
cameras as well as electronics and batteries could
be spread along an internal chassis (Southward &
Nicholson, 1985). Photographs were taken by clo-
sure of than electrical contact either by timer or
through a switch linked to a triggering mechanism
(Southward & Nicholson, 1985). Early flash units
used either tungsten lights or flash bulbs but rapidly
gave way to the use of electronic flash units in cylin-
drical housings (Southward & Nicholson, 1985).
Early deep-sea cameras were mounted on poles,
in cages on sleds or on a variety of other towed gear
such as trawls or grabs (Southward & Nicholson,
1985). Pole-mounted deep-sea cameras had their
flash units mounted beneath to reduce backscatter
and were typically activated when a weight suspended
from a line hit the seafloor triggering a spring-loaded
switch (e.g. Ewing, 1946). The bottom of the pole
sometimes included a gravity corer and direct con-
tact with the seafloor acted as a trigger (see example
in Heezen & Hollister, 1971). Pole mounted cameras
were improved with the introduction of a pinger which
indicated when the camera was triggered and when it

IHR VOL. 30 - N° 1 — MAY 2024 E



DEEP-SEA EXPLORATION OF MARINE ECOSYSTEMS

had recycled, ready for another photograph. This al-
lowed the equipment to be repeatedly lited 10-20 m
off the seafloor before being lowered again for another
photograph (Southward & Nicholson, 1985). The de-
velopment of cages for deep-sea cameras gave them
protection from knocks during launch and recovery
and when operating within 2 m to <1 m of the seafloor,
an advantage when trying to photograph deep-sea life

Fig. 3

recovered after sampling micro-

Multinet being

zooplankton on the Southwest
Indian Ridge, southern Indian
Ocean, 2009 during the IUCN -
NERC Seamount Project. Photo
by A. D. Rogers.

Fig. 4 The Deep-Towed Imaging System (DTIS) deployed by the National Institute for Water and

Atmospheric Research (NIWA) in New Zealand. Photo by A.D. Rogers taken during The Nippon
Foundation Nekton Ocean Census NIWA Bounty Trough Expedition, South West Pacific, 2024.

m P-1 THE INTERNATIONAL HYDROGRAPHIC REVIEW

(Southward & Nicholson, 1985).

Suspended and drop camera systems provided
our first views of a variety of deep-sea ecosystems re-
vealing how variable the composition of the seafloor is,
a large diversity of megafauna (animals large enough to
be seen in cameras), the influence of biological activity
on the seafloor through generation of lebenspurren
such as tracks, burrows, worm casts etc. and evi-
dence of strong currents in the deep sea (e.g. ripple
marks). They also provided evidence of how seafloor is
generated along the mid-ocean ridges through struc-
tures such as pillow lavas. Importantly, images of the
deep-sea floor and its inhabitants could be shown
to the public for the first time, a good example being
Heezen & Hollister's (1971) book The Face of the
Deep which contained hundreds of such images.

3.2 Camera sleds

Camera sleds are platforms towed on or just off
the seafloor. The first deep-water camera sled was
Cousteau's Troka, so named because it resem-
pled the traditional Russian snow sled (Southward
and Nicholson, 1985; Crylen, 2018). This sled was
built by Cousteau and his team alongside Harold
Edgerton from MIT, a pioneer of underwater camera
and lighting equipment as well as side-scan sonar
(Crylen, 2018). Modem camera sleds comprise a
robust metal framework made of marine grade steel
or aluminium to allow attachment and protection of
cameras, lighting and other equipment (e.g. the Deep
Towed Imaging System [DTIS]; Bowden & Jones,
2016; Fig. 4). Stills cameras and/or video cameras
are set up for oblique or vertical imagery (ideally both).
These orientations have advantages and disadvan-
tages such as organisms being more easily identified
in oblique camera images but vertical cameras being
better able to count and estimate area coverage of
organisms (see Bowden & Jones, 2016 for review).
Even lighting is important for image analysis and is
more easily achieved for vertical cameras. Lighting
has to be set at an angle to cameras to avoid backs-
catter from suspended particulate matter in seawater
(less of an issue in the deep-sea). Lighting has de-
veloped considerably over the last 60-70 years and
modern high-intensity discharge (HDI or HMI) and
LED (light emitting diodes) lights can allow operation
of cameras 2-5 m above the seafloor and even up
to 10 m in some cases (Bowden & Jones, 2016).
High-capacitance strobe lighting is required for stills
images (Bowden & Jones, 2016).

Scaling of camera images is an important aspect
of extracting data from video or stills images. This
can be achieved by placing an object of known scale
within the image frame (Bowden & Jones, 2016) or by
testing cameras in a water-filled tank with a grid which
can then be superimposed on images from the deep
sea to measure and quantify organisms (e.g. Rice &
Collins, 1985). Now this is usually achieved through
the use of two or more red or green scaling lasers set
in parallel, so the beams are a fixed distance apart
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(Bowden & Jons, 2016). Stereo cameras can also
be used with commercial software that can quantify
and measure organisms although such cameras usu-
ally require calibration in water (e.g. Stefanoudis et
al., 2019a). The use of USBL or long baseline (LBL)
acoustic positioning systems can help to superim-
pose the tracks of towed camera systems onto multi-
beam bathymetry or from pre-existing data or charts
(Bowden and Jones, 2016). This can be very helpful
in associating the diversity and abundance of benthic
organisms and fish to seafloor topography (e.g. Clark
& Rowden, 2009; Wiliams et al., 2010).

Table 4 The evolution of plankton / micronekton nets.

DEEP-SEA EXPLORATION OF MARINE ECOSYSTEMS

3.3 Submersibles
The first deep-sea exploration in a human occupied
vehicle (HOV) was that of Wiliam Beebe and Otis
Barton in the Bathysphere (Busby, 1976; Table 6).
This comprised a single cast steel sphere weighing
about 2.27 tonnes with a space just 1.35 m across
inside. Between 1930 and 1934 Beebe and Barton
conducted a series of dives observing deep-sea an-
imals in their own habitat for the first time in human
history, reaching 923m depth, a record at the time
(Beebe, 1934; Busby, 1976).

Following WWII, the Swiss physicist and inventor,

Equipment

Inventor/adaptor

Innovation

Reference

Plankton net

J. Vaughan Thompson

First plankton net

Wheeler, 1975; Wiebe &
Benfield, 2003

Conical plankton net

Johannes Miller

Conical net with small mesh.

Murray & Hjort, 1912;
Fraser, 1968

Hensen net

Victor Hensen

Metal ring from which a conical net was suspended. Volume of water sampled could be
calculated. Also invented etched plate for enumerating plankton.

Dolan, 2021

Closing conical net

Chun, Petersen and
Nansen

Version of Hensen net that could be sent to depth closed and then opened using a
messenger (weight) sent down cable and closed using a second messenger.

Murray & Hjort, 1912;
Bigelow, 1913.

Rectangular opening comprising of two horizontal iron bars forming the top and the
bottom of the net mouth with the sides formed of manila line forming a square 183 cm
(6 feet) to a side. The net was about 9 m long with a mesh size of about 19 mm for

Tucker trawl Tucker the first 4.5 m, then 12.5 mm to the cod end forming the last 1.5 m, made of course Tucker, 1951
plankton or muslin netting. Weights were suspended from the lower horizontal bar and a
depth recorder from the top.
Net with a pentagonal opening with a depressor vane on the lower part of the net mouth Devereux & Winsett
Isaacs-Kidd Midwater made of metal and forming a shallow V-shape aimed to keep the net mouth open whilst 1953: Wiebe & Ben%ield
Trawl (IKMT) it was being towed. IKMTs came in a range of sizes and were towed obliquely at speeds 2003‘ ’
of up to 8.5 knots
Opening and closing
mid-water trawl (modi- Tucker trawl with opening and closing mechanism based on timer. Davis & Barham, 1969
fied Tucker trawl)
. Net with 8 m? mouth, 10 m in length with a 4.5 mm mesh apart from the last 1.5 m
E:\?tha(g?\bl{lgr mic-water Clarke which were 0.33 mm nylon ending in the cod end formed by a bucket. Opened and
closed using an acoustic signal. Pinger to monitor depth.
Addition of a 1 m? mouth opening net which was suspended above the 8 m? net and
RMT 1+8 Baker had a mesh size of 0.32 mm. Baker et al., 1973
10S Multinet Roe and Shale Three 8 m? nets and three 1 m? nets. Roe & Shale, 1979
Based on Tucker trawl with rigid mouth (side bars were of steel rods) ensuring a fixed
Multiple Opening/Closing area for calculation of filtered volume. Up to nine opening and closing fine-meshed nets

Net and Environmental
Sensing System (MOC-
NESS)

Wiebe and co-workers

(0.333 mm) of 6 m in length. Number of variations including different mouth sizes (up to
20 m?), up to 20 nets and with different mesh sizes (64 ym — 3.0 mm). Can also carry
sensors for pressure, temperature, conductivity, fluorometer, transmissometer, oxygen,
light and net operation data (flow, net-frame angle, net-bar release).

Wiebe et al., 1976,
1985; Wiebe & Benfield,
2003

Macrozooplankton trawl
(multinet)

Mouth of the net is formed by sheet aluminium or steel and encloses rods which are ver-
tical when the nets enter the water, but which pivot to form the lower edge of the nets
when triggered. The original net was activated by messenger, replaced by a pressure
release system (Bé et al., 1962). Can have from 5-9 nets attached and net openings of
0.125 m?, 0.25 m?, 0.5 m? and 1.0 m? (MultiNet Type Mammoth). Can be triggered via
cable or by a self-contained released unit and sensors include flow meters, temperature
and conductivity probes.

Bé et al., 1959, 1962;
Christiansen, 2016;
Hydrobios, 2020

Table 5 The evolution of remote camera systems.

Equipment

Inventor/adaptor

Innovation

Reference

Underwater camera

Louis Boutan (France)

Waterproof camera housing and underwater lighting flash

Boutan, 1900

Remotely operated
pole-mounted deep
submergence cameras

Maurice Ewing (U.S.A.)

Bottom contact exposure triggering; free fall pop-up cameras; flash lighting; time lapse
automatic exposure; tubular pressure housings; use of lens or spherical domes to correct
distortion

Southward & Nicholson,
1985

Deep-water camera sled

Jacques Cousteau
(France)

Troika system — self-righting camera sled

Southward & Nicholson,
1985; Crylen, 2018

Modern deep-tow cam-
era systems

Various

e.g. National Institute of Water and Atmospheric Research (NIWA, New Zealand) Deep-
Tow Imaging System (DTIS). Platforms carrying cameras, lighting and a range of other
sensors such as CTDs (conductivity, temperature, depth recorders), fluorimeters, po-
sitioning transponders (e.g. Ultra Short Baseline systems) and water sampling (Niskin)
bottles.

Bowden & Jones, 2016
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August Piccard, constructed the FINRS2, a submers-
ible comprising a cast-steel sphere, larger than the
Bathysphere, and formed by two halves bolted to-
gether, suspended under a thin-skinned metal struc-
ture containing gasoline as buoyancy (Busby, 1976).
Unfortunately, during the first mission to the Cape
Verde islands to test the submersible rough seas
destroyed the gasoline buoyancy tanks of FNRS2
whilst the vehicle was on tow (Busby, 1976). Piccard
built a new bathyscaph, the Trieste which following
a number of successful missions was purchased by
the US Navy Electronics Lab and upgraded with a
new pressure sphere and more buoyancy (Busby,
1976). It was with this modified submersible that
Jacques Piccard and Don Walsh in 1960 undertook
the first dive to the bottom of the Challenger Deep
in the Marianas Trench during the Nekton Mission,
a depth of 35,814 feet (10,916 m) and the deepest
part of the ocean (Busby, 1976).

The Bathyscaph design was large and cumbersome
and as early as 1953 the underwater pioneer Jacques
Cousteau was considering designs for a smaller,
lighter and more easily transported vehicle. This re-
sulted in the first modemn submersible, the famous
Diving Saucer (SP-350) Denise. The Diving Saucer
could be launched and retrieved by a 10-ton crane but
could be transported rapidly anywhere on its mother-
ship and was highly agile underwater Bline, 1977). It
was also the first positively buoyant submersible with a
55 Ib weight being manually jettisoned to the allow the
vehicle to ascend to the surface (Busby, 1976; Bline,
1977). The Diving Saucer was successfully operated
from Cousteau’s vessel Calypso and appeared in films
such as World Without Sun (Le Monde sans solell)
completing over 1,000 dives (Bline, 1977).

The early 1960s saw a burst in submersible de-
velopment spurred on by the potential of perceived
markets in tourism, leisure, scientific, commercial
and military research and object recovery and rescue
(Busby, 1976). It was during this time that the DSV
Alvin, the most famous deep-sea submersible used
for research on biodiversity was designed and built.
Alvin was used to discover deep-sea high temper-
ature hydrothermal vents on the Galapagos Ridge in
1976 and undertook the first dives to the wreck of the
Titanic ten years later (Ballard, 2000). The destruction
of a B52 bomber in 1966 following a mid-air collision
over southern Spain resulted in the loss of four hy-
drogen bombs, one of which was located by Avin in
over 2000 ft of water, further spurred military interest
in submersibles. The late 1960s saw the building of
submersibles including the Deepstar 4000 and the
International Hydrodynamics (HYCO) Pisces series
submersibles. By 1976 more than 120 submersibles
had been built with the offshore oil and gas industry
adding further to the market for the use of these ve-
hicles (Bline, 1977). Deep-diving research submersi-
bles soon followed including the Pisces VI, Alvin, Mir,
Shinkai 6500, Nautile and Jialong (Table 6; Fig. 5).

The advent of superyachts and adventure cruising
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has spurred the development of a new generation
of small submersibles mostly with acrylic spheres or
hemispheres if the vehicle has a tubular hull. These
submersibles have been adapted for science and are
increasingly being built with science capabilities as
yacht owners want their assets to be used for sci-
ence as a philanthropic activity. The deepest diving
acrylic submersible to date is the Triton 7K3 oper-
ated by REV Ocean, which is equipped with scientific
sampling equipment (Fig. 5). They have particularly
been used for biological surveys in the mesophotic,
rariphotic and upper bathyal zones for both surveys
of fish and benthic communities (e.g. Stefanoudis et
al., 2019a, 2019b; Fig. 5).

The first submersible capable of repeated diving to
the deepest parts of the ocean, the Limiting Factor,
was completed in 2018 by Triton funded by the phi-
lanthropist Victor Vescovo (Jamieson et al., 2019;
Young, 2020). This submersible has a sphere con-
structed from titanium but the exostructure and faring
are designed for rapid descent and ascent, so the
submersible has a different shape to other currently
constructed submersibles with a narrow cross sec-
tion and greater height (see photos in Jamieson et
al., 2019). It has enabled human exploration of the
deepest parts of the ocean.

3.4 Remotely Operated Vehicles

Remotely Operated Vehicles (ROVs) are self-propelled
platforms which are tethered by cable to a surface
craft from which they are powered and controlled and
through which they feed data (Busby, 1976). ROVs
were developed in the 1960s because of the need to
selectively sample and study the seafloor, to recover
lost military assets and to visually inspect, build, main-
tain and monitor underwater facilities (Busby, 1976).
The US Naval Underwater Warfare Centre, Pasadena,
California, developed the CURV | (Cable-controlled
Underwater Research Vehicle) to retrieve torpedoes
from depths of more than 305 m and it showed many
of the basic features found in ROVs today (Table 7;
Busby, 1976). It was later used to recover a lost hy-
drogen bomb from off the coast of Spain (found by
Alvin) and CURV ll, a later version of the vehicle was
used to rescue the Pisces /il and its crew from off the
coast of Cork in 1973 (Talkington, 1977; Capocci et
al.,, 2017). Oil and gas discoveries in the North Sea
in the 1970s led to rapid development of ROVs for
commercial operations which expanded in the 1980s
(Busby, 1976; Capocci et al., 2017). By the 2000s the
oil and gas industry were operating over 200 work-
class ROVs capable of diving to 1,000 m depth or
more whilst about 20 such vehicles were available for
scientists (Jones, 2009).

ROVs comprise a metal frame, usually aluminium
or stainless steel, to mount equipment and provide
support and protection to the vehicle (Capocci et
al., 2017; Fig. 6). Smaller ROVs may employ plastic
frames (e.g. high density polyethylene or polypro-
pylene; Capocci et al., 2017). Buoyancy is attached
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Fig. 5 Deep-sea submersibles currently in use including (a) the Japan
Agency for Marine Science and Technology (JAMSTEC) Shinkai 6500
(b) the Pisces VI (c) Triton 1K3 (d) REV Ocean’s Triton 7K3. Photos by
A. D. Rogers (a, ¢, d) and the Nekton Foundation (b).
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to the frame which may be a dynamic system (e.g.
buoyancy tanks) or buoyancy blocks with a lower
density than seawater. For shallower water ROVs
these blocks can be formed of polymer foam (e.g.
polyurethane, polyisocyanurate or polyvinyl chloride)
or for deep-water ROVs syntactic foam is used, a
composite material formed with hollow glass micro-
spheres in epoxy resin (Capocci et al., 2017; Fig.
6). The Nereus ROV developed by Woods Hole
Oceanographic Institute used ceramic spheres 1o
provide buoyancy (Capocci et al.,, 2017). Power
distribution and control equipment are held in metal
pressure bottles and ROVs may be equipped with
electric or hydraulic manipulators. Propulsion is pro-
vided by an array of electric thrusters designed to
allow multidirectional movement (Capocci et al.,
2017). Navigation is achieved using a combination
of depth sensors, altimeter (echosounder), fluxgate
compass, Inertial Navigation System integrated with
a Doppler Velocity Log and USBL systems (Capocci
et al.,, 2017; Petillot et al.,, 2019). Ideally areas
where ROVs (and submersibles) are used should be
mapped prior to dives to assist in mission planning
as well as real time tracking. Scientific equipment in-
cluding cameras, lighting, sample containers, corers
and suction guns tend to be mounted on the front of
the vehicle, although CTDs, water sampling bottles
and multibeam sonar can be positioned underneath
or on the rear (Fig. 6). Larger ROVs may be operated
with a Launch and Recovery System (LARS) and a
Tether Management System (TMS; Fig. 6).

Two ROVs that are worth special mention are Kaiko,
developed by JAMSTEC and the Nereus developed
by WHOI (Table 7). Kaiko achieved dives to the bottom
of the Challenger Deep in the Mariana Trench to a
depth of 10,911 m (Kyo et al., 1995). Nereus was de-
signed as a Hybrid ROV system whereby it could dive
as a self-powered ROV tethered by fibreoptic cable for
data telemetry or as an autonomous platform (Fletcher
et al.,, 2009). The vehicle was designed to overcome
the limitations of use of cables beyond 7,000 m depth
(Fletcher et al., 2009). Nereus was lost to a cata-
strophic implosion in 2014 whilst undertaking a 9,900
m dive in the Kermadec Trench.

ROVs have been used to investigate both deep
benthic and pelagic ecosystems globally. Benthic
ecosystems have included seamounts (e.g. Pratt et
al., 2019; Auscavitch et al., 2020), cold-water coral
reefs (e.g. Lim et al., 2018), chemosynthetic environ-
ments, including deep-sea hydrothermal vents (e.g.
Rogers et al., 2012) and seeps (e.g. Ondréas et al.,
2005), abyssal plains (e.g. Vanreusel et al.,, 2016)
and trenches (e.g. Nunally et al., 2016). Pioneering
work on pelagic ecosystems using ROVs has been
undertaken particularly by Monterey Bay Agquarium
Research Institute (MBARI; Robison et al., 2017).

3.5 Autonomous Underwater Vehicles
Autonomous Underwater Vehicles (AUVs) are un-
manned and untethered underwater vehicles driven
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Table 6 The evolution of submersibles for research and industrial purposes.

Equipment

Inventor/adaptor

Innovation

Reference

Argonaut First

Simon Lake (U.S.A.)

First submarine; sealed hull; gasoline engine; propeller; wet diving chamber; wheeled so
operated on seafloor; attached to surface via pipe.

Busby, 1976

Bathysphere

William Beebe and Otis
Barton (U.S.A.)

Steel sphere; CO, scrubber; calcium chloride to control humidity; quartz window; sus-
pended from cable with electrical cable providing power for lights and communication
to surface.

Beebe, 1934; Busby,
1976

FNRS2 / Bathyscaph

Auguste Piccard (Swiss)

Thin-skinned metal buoyancy tank containing 6,600 gallons of gasoline in 6 compart-
ments; conical-shaped acrylic plastic for windows; pressure-compensated lead-acid
batteries; electrical penetrators into hull of pressure sphere suspended beneath the buoy-
ancy tank.

Busby, 1976

Trieste

Auguste Piccard (Swiss)

Stronger, cylindrically shaped buoyancy tank with a keel for better towing characteristics,
containing 22,600 gallons of gasoline; forged steel for the construction of the sphere; use
of silver-zinc batteries.

Busby, 1976

Diving Saucer (SP-350)
Denise

Jacques Cousteau
(France)

Disc-shaped pressure hull; acrylic viewports; pressure-compensated batteries; first posi-
tively buoyant submersible; highly portable design (launched with 10-tonne crane)

Busby, 1976; Bline, 1977

Research submersibles
e.g. Alvin, Shinkai 6500,

Titanium or steel pressure sphere; life support system; submersible control systems; com-
munication system; exostructure, usually a metal framework, ballast and trim including
buoyancy provided by syntactic foam, propulsion and batteries and external faring (shell).

Busby, 1976; Ballard,
2000; Bline, 1977;

) h ) Various A range of navigation and scientific equipment is usually attached to the outside of the : .
jgf;s Vt/rl\nﬂilt?nN?‘gggr submersible including Ultra Short Baseline (USBL) beacons, sonar, CTD, multibeam, cam- igmesz%ggal., 2019;
9 9 eras, lighting, manipulators, containers for samples and sometimes a suction gun with 9,
rotating sample chambers.
New generation sub- I . . . . . .
mersibles e.g. Triton: Various Acrylic sphere, air or oil-based ballast systems, manipulator, cameras, science skid (sam-  e.g. Stefanoudis et al.,

UBoat Worx; Seamagine

ple drawer, slurp gun and rotary containers), Niskin bottles etc.

2019a, 2019b

Fig. 6 Remotely Operated Vehicles (ROVs) (a) the Natural Environment
Research Council's (NERC) /sis ROV and (b) REV Ocean Aurora ROV
with Tether Management System. Note the ROV manipulators, sample

containers, cameras and lighting. The square red, orange or yellow

blocks are syntactic foam for buoyancy. Photos by A. D. Rogers.
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through the water by a propulsion system, controlled
and piloted by onboard computers and are manoeu-
vrable in three dimensions (von Alt, 2003). The first
AUV, Sea Spook, was developed by the pioneering
underwater photographer and film maker, Dmitri
Rebikoff in 1960 (Michel, 1998). This was followed by
the University of Washington's (Seattle) Self-Propelled
Underwater Research Vehicle (SPURV 1) in 1963 and
the Unmanned Arctic Research Vehicle (UARS) in
1972, and SPURV 2 in 1973 (Francois, 1973, 1977;
Widditsch, 1973; Busby, 1976, Michel, 1998).

Development of AUVs continued through the
1970s and early 1980s spurred on by military funding
pecause of the perceived importance of AUVs as
stealth reconnaissance platforms (Michel, 1998).
By 1984 there were 17 AUVs under development in
different countries but only the SPURV systems and
the French Epaulard, operated by IFREMER could be
considered as operational (Michel & Wemli, 1998;
Table 8). Epaulard was built in 1981 and had a max-
imum depth rating of 6,000 m and within five years
had undertaken more than 800 km of underwater
survey (Michel, 1988). Many of the AUVs developed
during the 1980s and early 1990s were either mili-
tary or designed as test-bed platforms and were per-
ceived as high-tech and high risk (Michel & Wemli,
1998). Many of these AUVs were also expensive
which spurred the development of low cost, smaller
AUVs at academic institutions such as MIT (Odyssey
I, Odyssey Il and Odyssey llIb) and Florida Atlantic
University (e.g. Ocean Voyager Il and Ocean Explorer;
Michel, 1998). These small, more cost-effective
AUVs paved the way for evolution of this technology
for a wide range of industrial, military and scientific
applications. This was further promoted by the adop-
tion of this technology by the oil and gas industry
(Michel, 1998).

Most AUVs are torpedo-shaped (e.g. Kongsberg
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Table 7 The evolution of Remotely Operated Vehicles (ROVs) for research, military and industrial purposes.

Equipment Inventor/adaptor Innovation Reference

Srgg?rvlv(a?;bll?ee_gggcr%”ed US Nawy (U.S.A) First remotely operated vehicle. Frame, buoyancy, camera, propulsion, hydraulically-op- Busby. 1976

Vehicle) Vy (5.5 erated manipulator. Y

Consub 1 ngs(ﬂﬁr)craﬂ Coorpora- Early example of offshore industry ROV Busby, 1976
Two-component system comprising the launcher and the ROV; launcher includes the ca-
ble handling equipment, navigation equipment including Long Baseline receiver, a Super Kyo et al.. 1995: Barry &

Kaiko JAMSTEC (Japan) Short Baseline receiver, obstacle avoidance sonar, an altimeter, depth sensor, a gyrocom- Hé shim o.fo 200’9 ry
pass and roll/pitch sensor; scientific equipment including a CTD, side scan sonar and a ’
sub-bottom profiler.
Hybrid ROV system can dive as a self-powered ROV tethered by fibreoptic cable for

Woods Hole Ocean- data telemetry or as an autonomous vehicle. Autonomous mode equipped with a CTD,
NEREUS ographic Institution optical backscatter sensor, a redox potential sensor, a side-scan sonar and camera and Fletcher et al.. 2009

USA)

could be used for mapping and photographic survey. ROV-mode Nereus was fitted with
an electro-hydraulic arm, sampling equipment and additional cameras. Ceramic spheres

used for buoyancy.

REMUS and General Dynamics Blue Fin; Sahoo et
al.,, 2019) in order to reduce drag. However, other
shapes have been adopted including platforms with
a more rectangular cross-section to egg-shaped or
even spherical AUVs for more manoeuvrability and
some with hydrofoils (Sahoo et al., 2019). Biomimetic
AUVs have also been designed which are inspired
by nature with a fish-like or snake-like shape (Sahoo
et al., 2019). Some AUVs have adopted more com-
plex shapes, especially those capable of hovering in-
cluding WHOI's Autonomous Benthic Explorer (ABE;
German et al., 2008; Table 8) and Sentry, designed
to operate close to the seafloor at up to 6,000 m
depth (Kaiser et al., 2016).

Propulsion for AUVs is provided by propellers or
thrusters with rudders and fins for directional con-
trol (Sahoo et al., 2019). Power in early AUVs was
provided by lead-acid batteries but silver zinc bat-
teries have also been deployed although these are
expensive (Blidberg, 2001). The ABE system uses
lithium-ion batteries whilst NiIMH ' batteries are used
in some newer AUVs (Blidberg, 2001). Aluminium
— oxygen semi cells have also been employed ex-
tending the range of the DARPA UUV (Blidberg,
2001). Navigation is usually achieved through use
of arrays of acoustic beacons on the seafloor (Long
Base Line beacons) or by a combination of Ultra
Short Base Line acoustic communication, GPS po-
sitioning, and inertial navigation (Wynn et al., 2014).
AUVs are programmed to undertake specific mis-
sions but the advent of acoustic communications and
subsea docking stations are providing a new order of
flexibility and complexity in AUV deployment. Sensor
packages for AUVs vary greatly and they are used for
a wide range of scientific missions including seafloor
mapping, physical oceanographic measurements,
chemical and turbidity measurements, biological
acoustics and seafloor photography. Some AUVs are
modular in design so specific sensor modules can
be changed to suit a specific mission (e.g. Teledyne
Gavia system).

AUVs have been used for a wide range of sci-
entific missions including detection and location
of deep-sea hydrothermal vents and fluid escape
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features, habitat mapping, mapping of seafloor mor-
phology, under ice mapping of the seafloor and ice
profiling, fisheries research and physical oceano-
graphic measurements (e.g. Manly, 2004; German et
al., 2008; McPnhalill et al., 2009; Morris et al., 2014;
Wynn et al., 2014; Barker et al., 2020).

3.6 Landers

Landers are autonomous, free-fall platforms used to
undertake physical oceanographic or biogeochemical
observations, experiments on the seafloor or to photo-
graph and/or capture deep-sea organisms (e.g. Baited
Remote Underwater Video or BRUVs; Tengberg et
al., 1995; Fig. 7). The platforms generally comprise a
rigid framework on which is mounted instrumentation,
batteries, buoyancy, ballast weights and a ballast re-
lease mechanism (Tengberg et al., 1995). Release is
usually achieved by an acoustic signal from a surface
vessel or by a timed-release device (Jamieson, 2016).
Landers have been deployed for hours to up to a year
or more (Jamieson, 2016). They have the advantage
that once deployed research vessels are free to un-
dertake other activities (Tengberg et al 1995).

The first landers were developed in the late 1960s /
early 1970s for photographing the scavenging fauna
of the deep-sea floor (e.g. Isaacs, 1969; Heezen &
Hollister, 1971; Isaacs & Scwartlose, 1975) and for
biogeochemical measurements. Early examples of
baited landers include the Monster Camera (Isaacs,
1969; Heezen & Hollister, 1971, Isaacs & Scwartlose,
1975) and the baited version of the U.K.'s Bathysnap
system known as Bathysnack (Thurston et al., 1995).
Early examples of biogeochemical landers include
the Free Vehicle Respirometer (FVR) developed to
undertake measurements of oxygen consumption in
the deep sea (Smith & Clifford, 1976; Smith, 1978)
and the free vehicle developed for the Manganese
Nodule Programme (MANOP) during the International
Decade for Ocean Exploration (IDOE; Weiss et al.,
1977). The latter could take water samples for in-
situ experiments, measuring oxygen and pH and
also retrieving box core samples (Weiss et al., 1977).
Further development of landers mainly for biogeo-
chemical analysis were developed through the 1980s
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Equipment Inventor/adaptor Innovation Reference

Sea Spook Dmitri Rebikoff (France) First autonomous underwater vehicle; used for filming Michel, 1998

SPURV'1 / Unmanned University of Washington SPURV1 capable of speeds up to 2.5 m/s at depths to 3,600 m. Developed to measure Francois, 1973, 1977;

Arctic Research Vehicle USA) Y 9 ocean temperature and sound velocity. UARS operated to 457 m depth and equipped  Widditsch, 1973; Busby,

(UARS) / SPURV2 o with an under-ice acoustic profiling system. 1976, Michel, 1998

Epaulard IFREMER (France) Michel, 1998

Odyssey I, Odyssey Il . ) .

and Odyssey ilb MIT (U.S.A) New generation of small, more cost effective AUVs. Michel, 1998

Ocean Voyager Il and Florida Atlantic University )

Ocean Explorer (U.S.A) Michel, 1998
Long-range power via arrays of D-cells (early innovation); transmission of data to satellites

Autosub NERC (U.K) (later versions).

Remus Kongsberg (Norway)

Autonomous Benthic

Woods Hole Ocean-
ographic Institution

Two upper pods containing buoyancy (glass spheres) from which is suspended a lower
pod containing the batteries and other electronics; three lateral and two vertical thrusters

Blidberg, 2001; German

Explorer (ABE) (U.S.A) allowing it to move in three dimensions close to the seafloor. etal., 2008
High aspect hull and four propellers mounted on articulated hydrofoils; two housings,
Woods Hole Ocean- the upper for electronics made of titanium and the lower for batteries made of alumina,
Sentry ographic Institution ceramics and titanium, with a titanium framework to support the elements of the vehicle; Kaiser et al., 2016

U.S.A)

buoyancy is provided by syntactic foam.

instrument packages and emergency transponders are housed in separate titanium pods;

and 1990s (see Tengberg et al., 1995).

The main use of landers for biodiversity studies
has been for the study of scavenger communities
attracted by bait as well as colonisers of organic ma-
terials such as wood and whale bone (Bailey et al.,
2007; Jamieson, 2016; Figs. 7a and 7b). The de-
sign of baited landers is reviewed in Bailey (2007)
and Jamieson (2016). These can comprise some
or all of the following components: bait, imaging
systems, lighting, baited traps, ingestible acoustic
devices (swallowed by scavengers feeding on bait),
sensors (e.g. CTDs, ADCPs) and the lander delivery
system (Bailey et al., 2007; Jamieson, 2016). Baits
tend to include oily fish which may be macerated or
liquidised, squid, cat food, sometimes thickened with
breadcrumbs or sawdust and are held in a perforated
receptacle or mesh bag (Jamieson, 2016). Entire car-
casses have been used to simulate food falls ranging
in size from fish to dolphins, porpoises and sharks
(Jamieson, 2016). The latter can form temporary hab-
itats as consumption of the entire carcass including
bones can take time. Alternatively, artificial baits have
been used comprising natural chemical attractants
found in squid and fish (Jamieson, 2016). Jellyfish
have also been used in baited landers to improve
understanding of the role of these animals in carbon
transport from the water column to the seafloor (e.g.
Sweetman et al., 2014).

Landers have been particularly important in under-
standing the biodiversity and ecology of the hadal
zone (ocean trenches as well as deep fracture zones,
froughs and basins; Weston et al., 2021) because
there are few other deep-submergence assets ca-
pable of deployment to depths beyond 6,000 m.
Deployment of hadal lander systems have ena-
bled the sampling of large numbers of scavenging
amphipods from the families Lysianassoidea and
Allicelloidea which can be dominant components of
communities below 8,000 m depth. This has enabled
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the use of these organisms as model taxa to study
the ecological dynamics of hadal fauna (e.g. pattems
of genetic connectivity; Weston et al., 2021; Weston
& Jamieson, 2022). These studies have confirmed
an abrupt change in bioclogical communities from an
abyssal fauna to hadal at depths 6,000 m and 7,000
m (Weston et al., 2021). They have also revealed the
Liparidae (snalil fishes) as the deepest living fish family
with the deepest record currently at 8,336 m depth
in the Izu- Ogasawara Trench in the northwest Pacific
Ocean (Jamieson et al., 2023).

3.7 Acoustics
3.7.1 Habitat mapping
Prior to the 20" century the depth of the ocean was
measured using the lead and line system in which a
plumb attached to a cable is allowed to sink to the
seafloor (Menandro & Bastos, 2020). Echosounders
were developed as a response to the Titanic dis-
aster of 1912 for the detection of icebergs (Hersey &
Backus, 1962). Reorientation of the directional trans-
ducer vertically downwards enabled emitting regular
pulses of sound so that between pulses they could
serve as the receiver of the bottom echo (Vigoureux
& Hersey, 1962). A graphic recorder for collecting
echosounder data was introduced by Marti (1922)
and in 1925-1927 the German Meteor Expedition sur-
veyed the South Atlantic Ocean using echo sounding
equipment identifying the continuous nature of the
Mid-Atlantic Ridge (Menandro & Bastos, 2020).
Multibeam bathymetry systems were developed
in the 1960s by the military for seafloor mapping.
These systems emit a fan-shaped wave of acoustic
pulses (>100 sound beams and in some cases
>200; Brown & Blondel, 2009; Harris and Baker,
2012) which are reflected from across a swath of
the seafloor and picked up by the transceiver. They
revolutionised seafloor mapping by enabling a broad
track of the seafloor to be mapped under a vessel.
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Fig. 7 Benthic landers including (a) mooring deployed with sunken wood and bone on a seamount on the South West Indian Ridge deployed

during the IUCN — NERC Seamount Project, (b) fish trap deployed during The Nippon Foundation Nekton Ocean Census NIWA Bounty Trough
Expedition, South West Pacific, 2024. Photos by IUCN — NERC Seamounts Expedition (a) and A. D. Rogers (b).

The first civilian systems were installed on the
French research vessel Jean Charcot and employed
on an expedition in 1977. Multibeam sonar when
combined with Geographic Positioning System
(GPS data) produces high resolution geopositioned
contour maps of the seafloor (Harris & Baker, 2012).
The properties of the backscatter data from echo
sounders (e.g. the strength of the return echo) are
dependent on seafloor hardness, texture and rough-
ness (de Moustier, 1986). Different frequencies of
echosounders are used to map different water
depths with higher frequencies used for shallower
water mapping (Harris & Baker, 2012). Sidescan-
sonar only collects acoustic backscatter data but
because it is usually deployed as a tow-fish behind
a ship it is not easy to georeference the map pro-
duced and has significant disadvantages for habitat
mapping (Harris and Baker, 2012). Approaches to
analysis of backscatter data are discussed in Brown
and Blondel (2009). This method is now improving
with the advent of multifrequency acoustic backs-
catter data (e.g. Brown et al., 2019).

Both seafloor topography and backscatter data
give important information on benthic habitat, the first
for identifying important topographic features (e.g.
seamounts, ridges, canyons) and the second on the
texture of the seafloor (e.g. basalt, sand, coral). Both
provide information on physical habitats, the eco-
logical or environmental areas that are inhabited by
species (Harris and Baker, 2012). The same types of
habitats are consistently associated with biological
communities or assemblages of species which occur
together (Harris and Baker, 2012). Currently, it is still
the case that our ability to map the physical structure
of the seabed greatly exceeds our ability to observe
what species live in these habitats (Harris and Baker,
2012). Biological observations using video survey
or other methods on a small subset of the seafloor
for which acoustic data has generated topographic
maps and backscatter data can be used to model
community distribution at much larger geographic
scales. The mapping of biophysical variables of the
seafloor which have a quantifiable correspondence to
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the occurrence of benthic species and communities
is referred to as surrogacy (Harris, 2012). Processing
methods for multibeam data from the water column
have also now been used to identify habitats such as
gas plumes from hydrocarbon seeps (e.g. Schneider
von Deimling et al., 2007; Wilson et al., 2015).

Habitat classification and mapping is an important
area of biodiversity research with many applied and
scientific applications. The combination of further
refinements in acoustic mapping technologies (e.g.
multifrequency multibeam bathymetry; synthetic ap-
erture sonar) and navigation together with application
of new methods such as deep machine leaming to
habitat classification are increasing the resolution and
accuracy of acoustic mapping of habitat.

3.7.2 Biological acoustics

The first use of active acoustics to study pelagic
ecology occurred in the 1920s and 1930s with
Kimura (1929) being the first scientist to record
echoes from a fish (Benoit-Bird & Lawson, 2016). In
the 1930s the pioneering British fisherman Captain
Ronald Balls installed an echosounder in his herring
drifter Violet and Rose and was able to set his nets
on mid-water echoes correctly attributed to herring
shoals (Balls, 1948, 1951; Hersey & Backus, 1962).
Early work on the use of echosounders was also un-
dertaken in Norway with the plotting of echoes in a
time-depth plot (Sund, 1935).

The principle behind biclogical acoustics is that
sound pulses are produced and their echoes from
living organisms in the water column are received
by a transducer mounted in the hull of a vessel, au-
tonomous- or towed platform (Jennings et al., 2001;
Benoit-Bird & Lawson, 2016). When a sound pulse
meets an object with a density different from seawater
sound waves are scattered in all directions (Jennings
et al., 2001). Early sounders recorded single echoes,
but development of the echo-integrator allowed the
strength of many echo retums to be summed over
depth and distance (Jennings et al., 2001). The
advent of multifrequency echosounders, multiple
echosounders emitting sound pulses at different
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frequencies or a single echosounder with multiple pro-
cessing units (Komeliussen, 2018) has been critical in
the ability of acoustics to discriminate among species
and taxa (Benoit-Bird & Waluk, 2020). This has been
further developed with the use of broadband echo-
sounders that transmit and receive a frequency-modu-
lated signal from a single transducer to allow acoustic
backscattering to be measured continuously over a
range of frequencies (Benoit-Bird & Waluk, 2020).

Different types of organisms have different sound
reflection properties, for example, those with gas-filled
cavities such as siphonophores or fish with swim blad-
ders have a resonant sound scattering frequency that
depends on the depth and size of the cavity (Benoit-
Bird & Lawson, 2016; Benoit-Bird & Waluk, 2020;
Korneliussen, 2018). The aim of acoustic target clas-
sification is to categorise sound scatter into groups
which then hopefully correspond to different species
or groups of organisms for which abundance and bi-
omass can then be estimated (Komeliussen, 2018).
Approaches to classification of echograms is based on
model-based approaches or on empirical approaches
(use of previously-collected data on sound scattering
properties of monospecific aggregations of a spe-
cies; Komeliussen, 2018). If species aggregations
are known 1o have specific sizes or shapes these can
be used to identify species from the dimensions and
shapes of echograms (echo envelope; Komeliussen,
2018). Multivariate statistical approaches have been
used to classify species on the basis of echo enve-
lopes, other information on aggregation shape and size
and also physical environmental data (Komeliussen,
2018). Increasingly, Artificial Neural Networks are being
applied to the identification of species (e.g. Brautaset
et al., 2020; Korneliussen, 2018).

3.8 Navigation
Ocean mapping and the operation of deep submer-
gence technologies are not possible without accurate
navigation. It is important to understand exactly where
depth and backscatter are measured on the sea-
floor or where an underwater platform is in respect to
the surrounding environment. Ship's navigation has
transformed over the last 50 years from the use of the
sextant in the 1960s with accuracy of ~1 nautical mile,
o the Global Positioning System (GPS) from the early
1990s with an accuracy of up to 100 m continuously
to Real Time Kinematic GPS with an accuracy up to 5
cm (Mayer, 2006). The precise angles at which multi-
eam sonar signals leave a vessel and are received by
its transducers are also critical to mapping. Therefore,
technology has also developed to precisely monitor
and correct soundings for vessel motion (Mayer, 20006).
Accurate estimation of the positioning of an acoustic re-
flection from the seafloor requires the estimation of the
sound velocity profile through the water column from
measurement of temperature and salinity with depth
using a Sound Velocity Profiler (SVP; Mayer, 2006).
Deployment of deep-sea sampling equipment and
deep—submergence technologies that are tethered
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to a vessel or which need to be carefully deployed
and recovered demands a stable ship’'s position and
heading. Such vessel stability is achieved through
Dynamic Positioning Systems (DP or DPS) a tech-
nology that has also undergone a transformational
advance since the late 1960s under the driving force
of the offshore oil and gas industry (Mehrzadi et al.,
2020). DP controls a vessel heading and position
by using thrusters that are continuously dynamic to
counter environmental forces induced by waves,
winds and currents (Mehrzadi et al., 2020). Moderm re-
search vessels are often equipped with DP systems to
enable the use of tethered equipment such as towed
cameras and ROVs as well as launch and recovery
of submersibles, AUVs or other deep-submergence
equipment.

Georeferenced location of scientific observations
from a submerged platform or sensors enables mul-
fiple datasets to be co-registered across multiple
dives or deployments from a single system or across
multiple systems (Barker et al., 2020). Georeferenced
data can then be placed into context with physical
and biogeochemical environmental data, bathymetric
and other geophysical maps (Barker et al., 2020). It is
also important to know the position of deep-submer-
gence equipment to target specific localities, environ-
mental features (e.g. hydrothermal vents) or to avoid
hazards. Because GPS signals cannot be received
underwater, submerged platforms deploy a range
of technologies for underwater navigation including
(Kinsey et al., 2006; Barker et al., 2020):

+ Depth sensors (strain gauges or quartz crystal)

+ Magnetic heading sensors

+ Roll and pitch sensors (e.g. pendulum or fluid filt
sensors, accelerometer pitch sensors)

« Angular rate sensors (e.g. Fibre Optic
Gyroscopes or Ring Laser Gyroscopes)

+ Long Baseline Navigation (LBL; platiorm deter-
mines position by triangulation in a network of
acoustic transponders)

« Ultra Short Baseline Navigation  (USBL;
ship’s location is telemetered to the platform
continuously)

« Doppler sonar (measures bottom velocity
using acoustics)

+ Inertial Measurement Unit (IMU; employs Doppler
Velocity Logs [DVL] and GPS or acoustic naviga-
tion systems to estimate position)

Multiple such systems may be used on a platform

such as an ROV.

4 100 years of discovery

4.1 Continental drift and plate tectonics

In 1912, Alfred Wegener proposed the theory of
continental drift where he hypothesised that the con-
finents had drifted apart (Wegner, 1912a, 1912b).
He was, however, unable to provide robust evi-
dence for the processes that had led to this drift of
continents and the theory remained controversial for
years. Between 1920 and 1930, the geologist Arthur
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Holmes published work proposing that plate junctions
under the ocean and convective cells and radioactive
heat in the Earth’'s mantle might drive the process of
continental drift (Holmes, 1928, 1929). The discovery
of the continuous nature of the mid-ocean ridges by
Ewing's team in the 1950s and 1960s (e.g. Heezen
et al., 1959) and the development of the theory of
seafloor spreading by Hess (1960, 1962) and Dietz
(1961) proposed that new seafloor formed at the
ridge was being carried away from the point of for-
mation. Evidence of alternating stripes of magnetic
orientation in basalt that were symmetrical around
the mid-ocean ridges could only be explained by the
formation of seafloor at the ridges and then it being
drawn away (Vine & Matthews, 1963; Conveyer Belt
Theory). These geological investigations, supported
by Marie Tharpe'’s cartographic works, led to the ac-
ceptance of Wegener's hypothesis on continental
drift (Le Pichon, 1968). It was not until 1968 that
American geophysicist Jack Oliver with colleagues
Bryan Isacks & Lynn R. Sykes provided the first seis-
mologic evidence of plate tectonics that explained
the process for continental drift (Isacks et al., 1968).
Recent studies suggest that plate tectonics have
had a major role in the distribution of life in the ocean
including the occurrence of biodiversity hotspots
and endemism (e.g. Leprieur et al.,, 2016; Zaffos
et al.,, 2017; Pellissier et al., 2018). It also explains
phenomena such as the regional endemism of the
Antarctic biota which has been isolated as a result
of continental drift and the decline of environmental
temperatures over milions of years (Rogers, 2007,
2012). In the deep sea, plate tectonics have also de-
termined large-scale patterns of diversity in the hy-
drothermal vent fauna (e.g. Tunnicliffe et al., 1996).

4.2 Establishment of thermohaline circulation

In 1987 Wallace Smith Broecker published the paper
that established the concept of the ocean conveyor
pbelt, through which large-scale ocean circulation is
explained by global density and temperature gradients
— the thermohaline circulation. Surface currents driven
by wind move water masses poleward in the Atlantic.
As these water masses, enriched in salt through evap-
oration move northwards, they cool down, resulting in
the sinking of dense water at high latitudes that form
the North Atlantic Deep Water. This cold-water flows
southward and into the Southerm Ocean, circulating
around it and also moving into the Indian and Pacific
Oceans before it upwells to form warm surface cur-
rents. In the Southem Ocean, the strong cooling of
the water caused by Antarctic winds and the formation
of sea ice decrease temperature and increase salinity
respectively, resulting in the formation of the Antarctic
Bottom Water, joining the circumpolar circulation.
Broecker (1987, 1997) also described the mechanism
which leads to abrupt changes in ocean circulation
and the climate over time, the freshening of seawater
in the North Atlantic disrupting the thermohaline circu-
lation and leading to its breakdown.
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The thermohaline circulation is critical for the gen-
eration of cold, oxygenated water supporting the high
biodiversity of deep-sea ecosystems. During climate
warming events the disruption of the thermohaline cir-
culation has caused episodes of hypoxia and anoxia
in deep waters. This flip-flop from thermohaline oxy-
genated conditions to halothermal hypoxic or anoxic
conditions in the global deep sea is thought to have
played a major role in shaping the past and current
distribution of many deep-sea taxa thus contributing to
past and present distributions of deep-sea biodiversity
(e.g. Rogers, 2000; Strugnall et al., 2008; Thuy, 2013;
Kost'ak et al., 2021; Horowitz et al., 2023).

4.3 Discovery of high deep-sea biodiversity

In the 1960s, deep-sea biology shifted from descrip-
tive to more quantitative ecological, evolutionary and
experimental approaches. Sampling along a transect
in the Northwest Atlantic (Gay-Head to Bermuda) re-
vealed an astonishing density of animals living in the
deep sea, 6,000-23,000 animals/m? on the upper
continental slope dropping to 150-270 animals/m? on
the abyssal plain (Sanders et al., 1965). Polychaetes
were the most abundant and diverse group, followed
by peracarid crustaceans (mainly amphipods) and
bivalve molluscs (Sanders et al.,, 1965). This pro-
vided evidence that, contrary to previous doctrine,
the deep sea supported one of the highest levels of
biodiversity on Earth, mainly comprising meio- and
macrofauna living in and on the sediments (Hessler
& Sanders, 1967; Grassle & Maciolek, 1992; Fig.
8a). Early findings also showed that in the abyssal
soft sediments (Fig. 8a), there is an even distribu-
tion of species abundance, with the most abundant
species not exceeding 20 % of the total and many
species being rare taxa or occurring as singletons
(e.g. Grassle & Maciolek, 1992). Later studies de-
scribed a parabolic distribution of diversity with depth
(Rex, 1981, 1983), with the biodiversity peak often
found at bathyal depths (Rex, 1981; Maciolek et al.,
1987), although the depth at which this peak occurs
varies with region and taxon considered (reviewed
in Rex & Etter, 2010). This is now thought to result
from declining food supplies preventing competi-
tive dominance at intermediate depths, along with a
combination of other environmental factors promoting
biodiversity (Rex & Etter, 2010).

In shallow waters analyses of species occurrence
indicates that for many groups of species (but not
all), and overall, there is a latitudinal gradient in bio-
diversity with highest levels occurring at low latitudes
and the lowest at the poles, especially in the northem
hemisphere (Rogers et al., 2022). For most groups of
deep-sea organisms there is insufficient knowledge
to elucidate such patterns with the exception to date
of the Ophiuroidea (brittlestars). For this group of echi-
noderms, it has been demonstrated that peak diver-
sity in the deep sea occurs at mid-latitudes (Woolley
et al., 2016). This is likely a result of the higher input
of particulate organic matter, the predominant food
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supply for the deep sea at mid-latitudes (Woolley et
al., 2016). Time lapse photography as well as other
forms of repetitive or long-term sampling of deep-sea
piodiversity has also demonstrated that communi-
ties vary interannually and over longer time periods
(reviewed in Rogers, 2015). The dependency of the
deep-sea fauna on the rain of organic material from
the ocean surface means that these ecosystems are
coupled. Annual and longer-term variation in both
the quantity and quality of food, mainly phytodetritus
(dead phytoplankton cells) as well as dead organ-
isms and faecal pellets drives temporal changes in
the abundance and diversity of seafloor commu-
nities (Rogers, 2015; Sweetman et al., 2017). This
has profound consequences in considering the im-
pacts of climate change which is causing large-scale
changes in the patterns of ocean primary production
and may in turmn strongly influence deep-sea biodiver-
sity (Rogers, 2015; Sweetman et al., 2017).

Increasing interest in exploiting deep-sea resources
has driven studies on deep-sea biodiversity. On the
continental margins exploration and exploitation of oil
and gas deposits as well as deep-sea fisheries led to
the rediscovery of cold-water coral reef ecosystems.
Cold-water corals had been known from northemn
Europe since the eighteenth century (Roberts et al.,
2009) and the extensive nature of cold-water coral
habitats was described in the mid-twentieth century
(e.g. Le Danois, 1948). However, it was the use of
submersibles such as Alvin and the Fisces il that
allowed direct observations of the habitats formed
by corals such as Desmophyllum pertusum and
Dendrophyllia profunda (Roberts et al., 2009; Fig.
8b). These habitats were found to support high di-
versities of associated species (e.g. Rogers, 1999;
Roberts et al., 2009). The realisation that such hab-
itats were impacted primarily by bottom trawl fish-
eries gave rise to the concept of Vulnerable Marine
Ecosystems (VMEs; FAO, 2009). It has been rec-
ognised that many groups of sessile marine inverte-
brates can form habitats in the deep sea associated
with high biodiversity of other species. These include
coral gardens formed by Scleractinia, Octocorallia,
Stylasterida and Antipatharia, and habitats formed by
Demospongiae, Hexactinellida and xenophyophores
(e.g. Buhl-Mortensen et al., 2010).

Development of deep-sea mining began in the
1960s but whilst deep-sea mineral resources were
mapped and technology for recovery of polymetallic
nodules developed in the 1970s and 1980s eco-
nomic conditions were inimical to commercial mining
(Glasby, 2000). Interest in deep-sea mining has re-
emerged driving studies focusing on the biodiver-
sity of deep-sea ecosystems potentially impacted
by mineral extraction. This has focused on abyssal
ecosystems of the Clarion Clipperton Fracture Zone
(CCFZ) in the equatorial eastern Pacific (e.g. Smith
et al., 2021) but also on seamounts (e.g. Schlacher
et al., 2014) and seabed massive sulphides (e.g.
Boschen et al.,, 2016). Work on the CCFZ has
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confirmed the remarkable diversity of abyssal ecosys-
tems with >5,500 species identified 92 % of which
are undescribed and a predicted diversity of up to
nearly 8,000 species (Rabone et al., 2023). They
have also shown that communities vary across the
CCFZ related to factors including topography, nodule
density and particulate organic carbon concentra-
tion (Smith et al., 2021). Only a small proportion of
the species found in the CCFZ seem to have wide
geographic distributions whilst many have only been
found at single sites and often are represented by a
single specimen (singletons; Smith et al., 2021). This
work and other studies, including metabarcoding
analysis of the deep-sea water column and sedi-
ments point to large undocumented biodiversity in the
deep sea, including at higher taxonomic levels (e.g.
Cordier et al., 2022). Communities on cobalt crusts
at seamounts and on seabed massive sulphides are
also different to those that occur on the surrounding
seafloor (e.g. Schlacher et al., 2014; Boschen et al.,
2016). Deep-sea hydrothermal vent communities
are characterised by having a high proportion of en-
demic species (e.g. Wolff, 2005). This is exemplified
py the scaly foot snail, Chrysomallon squamiferum,
which is found on just three vent sites in the Indian
Ocean covering an estimated 0.02 km? (Sigwart et
al., 2019). Collectively these findings mean that man-
agement of the environmental impact of deep-sea
mining is highly challenging.

4.4 The Structure of pelagic communities

Ekman (1935) summarised the findings of the expedi-
tions of mid-19" and early 20" Centuries with respect
to pelagic biodiversity. These expeditions, alongside
the work of coastal marine research stations, founded
our understanding of the biogeography of pelagic or-
ganisms. Findings included the existence of neritic
(coastal) versus oceanic plankton communities, the
occurrence of cosmopolitan and circumglobal distri-
butions amongst some planktonic organisms and the
association of species and communities with water
masses of specific temperatures, generally divided
latitudinally (e.g. polar, sub-tropical, tropical, Ekman,
1935). At this time a significant change in pelagic com-
munities at a depth of 150-200 m was recognised di-
viding the shallower epipelagic zone from the deeper
pathypelagic zone. For many groups of organisms
limited sampling meant that depth zonation in the bat-
hypelagic was obscure but it is notable that Dahl, as
early as 1894 had identified three depth zones on the
pasis of copepod distribution, 0-200 m (epipelagic),
200-1,000 m (mesopelagic) and below 1,000 m (bat-
hypelagic; Ekman, 1935). Studies in the second half
of the 20" Century confirmed the differences between
neritic and oceanic plankton communities (Haedrich
& Judking, 1979). The former lacked elements of the
micronekton (e.g. small pelagic fish, decapod shrimps
and squid) present in oceanic environments and mero-
plankton were more abundant inshore than offshore
(Haedrich & Judkins, 1979). Neritic plankton and their
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communities tended to have a much narrower latitu-
dinal distribution than oceanic species which could be
defined by temperature. For oceanic species work on
fish and invertebrates suggested that distribution was
associated with temperature and salinity (density), in
other words water mass (Haedrich & Judkins, 1979).
However, work on mesopelagic fish demonstrated
that water mass alone was insufficient to explain hori-
zontal and vertical distribution and other factors such
as seafloor topography, temperature alone, the edges
of major current systems and fronts all had influence
(Backus et al., 1970; Headrich & Judkins, 1979).

The advent of satellite remote sensing provided
a different perspective on pelagic biogeography.
Observations of sea-surface colour enabled the clas-
sification of ecological domains in the surface ocean
based on seasonal and spatial patterns of phyto-
plankton production driven by turbulence, stratifica-
tion and irradiance at the ocean surface (Yentsch &
Garside, 1986; Platt, et al. 1991). This resulted in the
classification of the surface ocean into biomes (polar,
westerlies, trades and coastal) within which were
defined multiple provinces (e.g. Longhurst, 1995,
1998). Recently, attempts to analyse both epipelagic
and mesopelagic biogeography pattemns have been
undertaken using analysis of species distributions
through cluster analyses and expert opinion (Sutton
et al., 2017; Reygondeau et al., 2018; Reygondeau
& Dunn, 2019). These approaches to defining epipe-
lagic and deep-pelagic biogeography resemble the
biogeochemical provinces of Longhurst (1995, 1998)
but differ significantly in detall.

4.5 The deep scattering layer

During World War 2 sound propagation experiments
undertaken by workers at the University of California’s
Division of War Research identified a consistent
layer of mid-water sound scattering (Eyring et al.,
1948). This became known as the ‘deep-scattering
layer’ (DSL) and early observations indicated that it
shifted in depth diurnally from shallow depths at night
to greater depths at day suggesting a biological or-
igin (Johnson, 1948). The identity of the organisms
reflecting sound energy remained elusive for many
years because of difficulties in sampling deep-water
pelagic ecosystems (Hersey & Backus, 1962). Early
speculation was that the sound scatterers were likely
to be midwater fish (e.g. myctophids) because their
swim bladders were capable of reflecting sound
(Marshall, 1951). Correlation of net captures from
equipment such as the Tucker trawl and IKMTs with
the depths of acoustic scattering in the northeastemn
Pacific found that euphausiids and mid-water fish,
particularly myctophids, were the most conspic-
uous inhabitants of the DSL (e.g. Boden, 1950;
Tucker, 1951; Barham, 1957; Hersey & Backus,
1962). Subsequent observations, including from the
bathyscaphe Trieste and Cousteau’s diving saucer
(Barham, 1963, 1966) indicated that a wider range
of organisms were likely to contribute to the DSL
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including physonectid siphonophores which have a
gas-filed pneumatophore. Description of the species
that constitute the DSL, its behaviour and geographic
variation remain in progress today.

It has now been recognised that vertically mi-
grating organisms that cross from the mesopelagic
and upper bathypelagic zone into the epipelagic zone
on a daily basis make a significant contribution to the
export of carbon from the surface of the ocean into
the deep sea where it can be stored for centuries
or millenia. Estimates for the annual organic carbon
sequestration by mesopelagic organisms ranges
between 900-3600 Tg Cog yr' although these are
highly uncertain because of the lack of studies of
mesopelagic food webs and biogeochemical pro-
cesses (e.g. Childress et al.,, 1980; Davison et al.,
2013; Aumont et al., 2018; Boyd et al., 2019). These
organisms are therefore likely to be significant in
terms of the ocean carbon cycle and consideration of
blue carbon ecosystems.

4.6 Discovery of hydrothermal vents, cold seeps,
other chemosynthetic systems

The discovery of high-temperature hydrothermal
vents and their biota has been one of the most ex-
citing and unexpected findings in oceanography over
the last 100 years. The first “black smokers” were
discovered in early 1977 between the Galapagos
islands and mainland Ecuador by the submersible
Alvin whilst looking for evidence of heat flow from the
seafloor (Grassle, 1987; German et al., 1995; van
Dover, 2000). The high abundance and biomass of
clams, mussels and tube worms in these ecosys-
tems was immediately recognised as unusual leading
to them being referred to as deep-sea oases (Corliss
et al., 1979; Tumer & Lutz, 1984; Grassle, 1985;
van Dover, 2000). For the first time, samples of large
vesicomyid clams, mussels, limpets, and tube worms
were collected and brought to surface for examina-
tion and identification (Corliss et al., 1979).

It was soon recognised that at vents, reduced chemi-
cals such as hydrogen sulphide and methane dissolved
in the hydrothermal fluids provide energy for chemoau-
totrophic microorganisms to fix carbon. The free-living
bacteria grow in direct contact with hydrothermal fluid in
a variety of habitats, forming microbial mats, as well as
episymbionts on the extenal surfaces of vent organisms,
or suspended in plumes of diuted hydrothermal fluid
(Grassle, 1987; Winn et al., 1986). Not only were free-
living bacteria crucial for sustaining vent fauna, but also
symbiotic bacteria occurred in the tissues of the domi-
nant vent species. In some cases, these symbiotic rela-
tionships have resuited in highly specialised physiologies,
such as in the tubeworm Riftia pachyptiia, which lacks a
mouth and digestive system and depends completely
on the production of its endosymbiotic microorganisms
(Cavanaugh et al. 1981). The discovery of chemosyn-
thesis changed the way we understand life on Earth and
primary productivity in the ocean (Baker et al., 2010) as
well as how life may have originated and where it might
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oceur elsewhere in the universe, including within the solar
system (e.g. Longo and Damer, 2020). The systematic
study of mid-ocean ridges has led to the discovery of new
hydrothermal active sites, with 722 confirmed high-tem-
perature vents to date, and an additional 720 vents in-
ferred from water-column chemistry data (Beaulieu &
Szafranski, 2020; Fig. 8c). Since the discovery in the
Pacific Ocean, hydrothermal vents have been found in all
ocean basins, including in the ultra-slow spreading ridges
of the Indian and Arctic oceans (Hashimoto et al. 20071;
Ramirez-Llodra et al., 2007, 2023).

Following the discovery of chemoautrophic-based
ecosystems at hydrothermal vents, similar communi-
ties based on the primary productivity of autotrophic
microorganism were found in cold seeps and large or-
ganic falls. Cold seep ecosystems were discovered in
the Gulf of Mexico in 1984 (Paull et al., 1984). These
habitats are characterised by the seepage through

the sediment of cold fluid with high concentrations of
methane that sustains chemoautotrophic bacteria at
the base of the food web, which support high abun-
dances of specialised megafauna (Sibuet & Olu, 1998;
Tunnicliffe et al., 2003).

5 The future

The deep ocean has now been recognised as har-
bouring high biodiversity, rivalling that of other marine
and terrestrial ecosystems. However, it remains the
least explored ecosystem in the ocean, particularly
the deep pelagic (Webb et al., 2010). Increasing
human activities in the deep ocean or those indi-
rectly affecting it through pollution or climate change
(e.g. Ramirez-Llodra et al., 2011; Sweetman et al,,
2017) mean that reaching a better understanding of
the distribution of life in the ocean is now a key sci-
entific challenge of the 21t Century. The Agreement

Fig. 8 Examples of deep-sea ecosystems (a) abyssal mud, Bounty Trough, Southwest Pacific (b) cold-water coral reef, Anton Dohrn

Seamount, 400m depth, Northeast Atlantic (c) aggregations of yeti crabs (Kiwa tyleri) on deep-sea hydrothermal vents, southern East Scotia

Ridge, Antarctica. Photos taken during The Nippon Foundation Nekton Ocean Census NIWA Bounty Trough Expedition, South West Pacific,

2024 (a); NERC Deep Links Expedition (b); NERC CHESSO Project.
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under the United Nations Convention on the Law of
the Sea on the Conservation and Sustainable Use of
Marine Biological Diversity of Areas beyond National
Jurisdiction treaty now provides a legal framework
for protection of pelagic and benthic species in the
high seas and the Area (seafloor in areas beyond
national jurisdiction; UN, 2023). However, without
improved knowledge of the biodiversity of the deep
sea, connectivity between its communities and better
understanding of the functional ecology of species,
implementation will be difficult.

One challenge in studying the deep sea is its vast
size. At present, studying deep-sea biodiversity in-
volves sampling the water column or seafloor, recov-
ering animals and identifying and quantifying them.
This science requires large, ocean-going research
vessels of which there are a finite number operating
globally, mainly belonging to high-income countries or
wealthy philanthropic non-governmental organisations
(Rogers et al., 2021). The process of identifying spe-
cies through taxonomy is challenging, slow and signif-
icantly impaired by a lack of human capacity (Rogers
et al., 2023). Enhancing ship-based science with au-
tonomous platforms for biological studies is extremely
challenging but may be important in expanding the ge-
ographic scope and resolution of biodiversity studies
and lowering the carbon footprint of ocean science.
This may be tractable first in the much smaller size
fractions of organisms such as microbial taxa and
the pelagic fauna that may be documented through
a combination of advanced imaging and DNA se-
quencing. Meiofauna and macrofauna that live in sed-
iments might also be sampled and preserved using
autonomous platforms. These may be tractable to au-
tomated sorting and identification using technologies
such as flow cytometry (e.g. Kitahashi et al., 2018).

DNA sequencing is providing further resolution to
our knowledge of deep-sea biodiversity demonstrating
that even in apparently homogenous pelagic envi-
ronments what were considered as cosmopolitan or
widespread species can be complexes of geograph-
ically separated cryptic species (e.g. mesopelagic
fish; Miya & Nishida, 1997). Integrated taxonomic ap-
proaches whereby both morphological and genetic
data are collected to enable the discovery and de-
scription of species are now key to species discovery
and ultimately description (Rogers et al., 2022, 2023).
Metabarcoding approaches are beginning to yield
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new information on the distribution and diversity of life
in the deep sea. Application of these approaches to
deep-sea sediments have revealed previously undoc-
umented diversity, including at higher taxonomic levels
and new information on species range and tumnover
for different size classes of organisms (e.g. Cordier et
al., 2022). However, wider application of environmental
DNA (eDNA) for biodiversity monitoring requires bar-
coding libraries that are much better populated with
sequences from species identified or described by
taxonomists along with accompanying voucher speci-
mens and archived tissue / DNA samples in biological
collections (Rogers et al., 2022).

Such a major challenge requires a coordinated
global approach to species discovery and descrip-
tion whether from existing collections or from new ex-
peditions to poorly sampled parts of the ocean such
as the deep sea. The Nippon Foundation Nekton
Ocean Census programme is one such effort aimed
to accelerate the discovery of ocean life. Here a
combination of the use of new technologies, human
capacity development and the nurturing of global net-
works of taxonomists, institutions, technology and
infrastructure providers are aimed at meeting the
challenge of better understanding the distribution of
life in the ocean (Rogers et al., 2023). It is critical that
such global initiatives are inclusive of low- and mid-
dle-income countries which are not only located in
some of the most biodiversity rich parts of the ocean
but also have a wealth of human talent to help solve
this challenge. For this programme and others to be
successful in transforming our knowledge of life in
the deep ocean biodiversity must be valued by so-
ciety for the critical services it provides to humankind.
Only through such recognition will the investment be
made and maintained in capacity and infrastructure
to study and understand life in the ocean and to use
the knowledge gained to better manage human activ-
fties to restore it to health.
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